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Overview 
 
Some climate models predict that, within the next 30-50 years, sea surface temperatures 
(SSTs) will frequently exceed the current thermal tolerance of corals (Fitt et al. 2001; 
Hughes et al. 2003; Hoegh-Guldberg et al. 2007).  A potential consequence is that mass 
coral bleaching may take place (i) during warm El Niño-Southern Oscillation (ENSO) 
events which are predicted to occur in some regions more frequently than the current 3-7 
year periodicity (Hoegh-Guldberg 1999; Sheppard 2003) or (ii) perhaps as often as 
annually or biannually if corals and their symbionts are unable to acclimate to the higher 
SSTs (Donner et al. 2005, 2007).  Global data also indicate an upward trend toward 
increasing frequencies, intensities, and durations of tropical hurricanes and cyclones 
(Emanual 2005; Webster et al.  2005).  As coral communities have been shown to require 
at least 10-30 years to recover after a major disturbance (e.g. Connell 1997; Ninio et al.  
2000; Bruno & Selig 2007; Burt et al. 2008), it is possible that future coral communities 
may be in a constant state of recovery, with regeneration times exceeding the periods 
between disturbances.  Life history traits (e.g. reproduction, recruitment, growth and 
mortality) vary among species of hard corals; thus, gradients in community structures 
may have a strong influence on susceptibilities to disturbance and rates of recovery 
(Connell 1997; Ninio & Meekan 2002).  Taxa which are more susceptible to bleaching 
and mechanical disturbance (e.g. tabular and branching acroporids and pocilloporids) 
may experience continual changes in population structure due to persistent cycles of 
regeneration or local extirpation, while the more resistant taxa (e.g. massive poritids and 
faviids) may display relatively stable population structures (Woodley et al. 1981; Hughes 
 xi 
& Connell 1999; Baird & Hughes 2000; Marshall & Baird 2000; Loya et al. 2001; 
McClanahan & Maina 2003).  Determining whether resistant coral taxa have predictable 
responses to disturbances, with consistent patterns over wide spatial scales, may improve 
predictions for the future affects of climate change and the composition of reefs (Done 
1999; Hoegh-Guldberg 1999; McClanahan et al. 2004).   
 
The work presented in this dissertation describes the spatial and temporal patterns in 
community structures for high latitude coral assemblages that have experienced the types 
of natural disturbances which are predicted to occur in tropical reef systems with 
increasing frequency as a result of climate change.   The primary area of focus is the 
southeastern Arabian Gulf, where the coral communities are exposed to natural 
conditions that exceed threshold limits of corals elsewhere in the world, with annual 
temperature ranges between 14-36°C (Kinzie 1973; Shinn 1976) and salinities above 40 
ppt.   Two additional regions are included in this study for comparisons of high latitude 
coral community structures.  The northwestern Gulf of Oman is adjacent to the 
southeastern Arabian Gulf (i.e. the two bodies of water are connected by the Strait of 
Hormuz); however, the environmental conditions are milder in the Gulf of Oman such 
that the number of coral taxa therein is threefold that found in the southeastern Arabian 
Gulf (i.e. 107 coral species in the Gulf of Oman compared to 34 species in this region of 
the Arabian Gulf (Riegl 1999; Coles 2003; Rezai et al. 2004)).  Broward County, Florida 
is geographically remote from the Gulfs and, therefore, serves as a benchmark for testing 
whether consistent patterns in community structures exist despite different climatic and 
anthropogenic influences. 
 xii 
The coral communities within the southeastern Arabian Gulf, the northwestern Gulf of 
Oman, and Broward County, Florida have been exposed to recurrent elevated sea surface 
temperature (SST) anomalies, sequential cyclone and red tide disturbances, and frequent 
hurricanes and tropical storms, respectively.  These disturbances and other impacts (e.g. 
bleaching episodes, disease outbreaks, anthropogenic stresses) have affected the more 
susceptible acroporids and pocilloporids, resulting in significant losses of coral cover by 
these families and shifts towards massive corals as the dominant taxa.  During the post-
disturbance scarcity or absence of branching and tabular corals, the resistant massive taxa 
have become the crux of the essential hard coral habitat for fish, invertebrates and other 
marine organisms.    
 
Because recovery to pre-disturbance community structures may take decades or may not 
occur at all, it is vital that scientists and resource managers have a better understanding of 
the spatial and temporal ecology patterns of the corals that survive and fill in the 
functional gaps that are created by such disturbances.  To aid in this understanding, this 
dissertation presents spatial and temporal patterns for the coral assemblages which have 
developed after the respective disturbances.  Spatial ecology patterns are analyzed using 
graphical descriptions (e.g. taxa inventories, area cover, densities, size frequency 
distributions), univariate techniques (e.g. diversity indices), distributional techniques (e.g. 
k-dominance curves) and multivariate techniques (e.g. hierarchical clustering, 
multidimensional scaling).  Temporal comparisons at monitoring sites within the 
southeastern Arabian Gulf and northwestern Gulf of Oman describe the coral population 
 xiii 
dynamics and are used to create size class transition models that project future population 
structures of massive corals in the recovering habitats.   
 
Keywords 
Coral community structure; population dynamics; natural disturbance; mass mortality; 
recovery; projection models; elevated temperature anomalies; Cyclone Gonu; red tide; 
harmful algal bloom; Arabian Gulf; Gulf of Oman; Broward County, Florida; Acropora; 
Pocillopora 
 
 
Chapter Synopsis 
 
Chapter 1:  Regional Descriptions, Common Methodologies and Background 
Information 
 
The information provided in this introductory chapter includes (i) detailed descriptions of 
the three high-latitude study areas that are the focus of this work; (ii) common 
methodologies used to collect and analyze the coral community data in the three regions, 
including a new approach for the treatment of edge corals in digital images; (iii) the 
selection process for the most appropriate size-dependent classifications for hard corals 
(these size classes are used for spatial and temporal comparisons throughout this 
dissertation); and (iv) the methods by which the vital rates for the southeastern Arabian 
 xiv 
Gulf and northwestern Gulf of Oman massive corals are determined and subsequently 
used in size class transition matrices. 
 
 
Chapter 2:  Coral Community Structures in the Southeastern Arabian Gulf (Qatar and 
Abu Dhabi, UAE):  Various Stages of Acropora Recovery a Decade after Recurrent 
Elevated Temperature Anomalies   
 
This chapter describes the coral communities near Qatar and Abu Dhabi ten years after 
the 1996, 1998 and 2002 elevated temperature anomalies which resulted in the mass 
mortality of Acropora spp.   Data collected over a four-year period are used to (i) 
characterize the post-disturbance coral communities; (ii) compare these to pre- and post-
disturbance communities in the adjacent waters near Dubai; and (iii) project the 
timeframes required for the communities to return to pre-disturbance levels.  The massive 
corals, dominated by Porites spp. and faviids, showed no long-term affects associated 
with exposures to the three thermal anomalies; whereas acroporids, comprising 0-8% of 
the live coral cover, were in various stages of recovery.   
 
Chapter 3:  Shifts in Coral Community Structures Following Cyclone and Red Tide 
Disturbances within the Gulf of Oman (United Arab Emirates) 
 
This chapter documents the effects of two consecutive disturbances on the coral 
community structures near Dibba and Fujairah, UAE; Cyclone Gonu in 2007 and the 
Cochlodinium polykrikoides harmful algal bloom (HAB) that persisted from August 2008 
until May 2009.  The net effects of these disturbances were fourfold:  (i) storm damage 
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caused >50% loss of live branching and tabular coral cover by fragmentation and 
dislodgment of pocilloporid and acroporid colonies; (ii) Pocillopora damicornis colonies 
that survived the cyclone experienced mass mortality during the first three months of the 
HAB, resulting in localized extirpation of this species; (iii) variable Acropora spp. 
mortality during the HAB indicated individual colony, rather than taxa-wide, 
susceptibility; and (iv) massive colony coral taxa were resistant to both disturbances. 
 
Chapter 4:  Hard Coral Community Structures within a High-Latitude South Florida 
Reef System (Broward County, USA) 
 
This chapter describes the hard coral community structures along the four reef tracts 
offshore Broward County, Florida.  Data collected from 99 sites are used to (i) describe 
the hard coral community structures in terms of benthic cover, abundance, and size 
frequency distributions; (ii) differentiate hard coral assemblages; and (iii) determine 
whether common or variable ecological patterns exist within assemblages.     
 
Chapter 5:   Hard Coral Demographics in Adjacent High Latitude Regions (United Arab 
Emirates) 
 
This chapter describes the demographics and dynamics of individual massive coral 
colonies from three assemblages during normal environmental conditions (i.e. in the 
absence of major disturbances).  The vital rates of these colonies are used to develop size 
class transition probability matrices which are, in turn, used to project size frequency 
distributions, population sizes and live coral area cover for these communities over the 
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next 50 years.  The projection models show that while the size frequency distributions 
approach a stable state and the number of colonies varies within each assemblage, the 
overall area cover by massive corals remains stable in the southeastern Arabian Gulf and 
gradually increases in the northwestern Gulf of Oman. 
 
 
Chapter 6:  Summary of Findings 
 
This chapter highlights the findings from Chapters 2-5, comparing the common and 
distinctive characteristics of the high latitude coral communities described herein.  The 
projected fates of these communities are discussed as are suggestions for further 
investigations. 
 
 
Appendix A:  Gross Environmental Setting and Temporal Trends in Southeastern 
Arabian Gulf Coral Communities 
 
The information in this appendix describes the typical environmental setting and the coral 
community structures (i.e. taxa inventories, live coral cover, coral densities, diversity 
indices) within the southeastern Arabian Gulf.  These descriptions may serve as baselines 
for normal conditions within the region and as benchmarks of extreme conditions to 
which certain coral species are capable of adapting. 
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Chapter 1 :  REGIONAL DESCRIPTIONS, COMMON METHODOLOGIES AND 
BACKGROUND INFORMATION 
 
High Latitude Coral Communities – Regional Descriptions of Areas Studied 
The majority of the world’s corals exist between 30°N and 30°S.  Tropical coral reefs 
occur in settings (e.g. shallow, clear, warm-water settings within low-latitude regions) 
that are widely regarded as being “optimal” for reef building (Perry & Larcombe 2003).  
Water temperatures, salinities, nutrient levels, light penetration and aragonite saturation 
are often considered the major factors that determine coral distribution at the global scale 
(Johannes et al. 1983; Kleypas et al. 1999; Harriott & Banks 2002; Guinotte et al. 2003; 
Perry & Larcombe 2003).  High latitude coral communities are often termed “marginal” 
because they exist (i) near known or reasonably assumed physiological or biogeographic 
survival thresholds; (ii) in areas characterized by sub-optimal, fluctuating environmental 
conditions; or (iii) in sub-optimal community conditions (e.g. low cover, diversity, 
health) (Guinotte et al. 2003).  The analysis of high latitude coral communities may 
provide insight into the future status of “optimal” reefs that become increasingly exposed 
to “marginal” conditions as a result of local, regional or global environmental changes 
(Perry & Larcombe 2003).    
 
General descriptions of the high latitude coral communities included in this study (i.e. the 
southeastern Arabian Gulf, the northwestern Gulf of Oman, and Broward County, 
Florida) follow.   
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Southeastern Arabian Gulf (24°09′N - 25°40′N) 
The Arabian Gulf is a shallow semi-enclosed sea with a mean depth of ~35 m (Figure 
1.1).  The peninsula of Qatar separates the northern Arabian Gulf from its southern part.  
A high- and low-salinity water exchange with the Gulf of Oman via the Strait of Hormuz 
dominates the circulation of the southern Arabian Gulf.  A surface inflow of Indian 
Ocean Surface Water (IOSW) enters the Arabian Gulf through the Strait of Hormuz.  
Fresh water input into the Arabian Gulf comes mainly from the Shatt-Al–Arab river 
estuary (i.e. the confluence of the Tigris, Euphrates and Karun rivers) in the northern 
region, although this constitutes only ~1% of the total volume of Gulf water.  
Precipitation (~7 cm/yr) makes a negligible contribution to the freshwater budget.  
Evaporation greatly exceeds river inflow and precipitation, resulting in salinities above 
40 ppt.  The high-salinity water sinks and exits the Arabian Gulf as a dense undercurrent 
(Gulf Deep Water).  The net result is a Mediterranean-like, reverse-flow, estuarine 
circulation (Reynolds 1993; Sultan et al. 1995; Swift & Bower 2003)   
 
The southeastern Arabian Gulf encompasses the coastal and offshore environments of the 
United Arab Emirates (UAE) and eastern Qatar (Figure 1.1) which support a complex 
mixture of limestone patches and sedimented areas colonized by sea grasses and algae 
(Wilson et al. 2002). The shallow-water coral communities are situated on discontinuous 
patches along the Qatari and Emirati coasts, near offshore islands and atop limestone 
domes.   
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Figure 1.1  Map of southeastern Arabian Gulf and northwestern Gulf of Oman study areas 
(left) Map of Arabian Gulf and surrounding region, study areas are outlined; (center) Study area “A” 
locations in the southeastern Arabian Gulf; (right) Study area “B” locations in the northwestern Gulf of 
Oman.  Red circles indicate monitoring station locations.  Blue triangles indicate sites with temperature 
recorders only. 
 
The coral communities in the southeastern Arabian Gulf experience water temperatures 
between 14-36°C (Kinzie 1973; Shinn 1976).  Exposure to temperature and salinity 
extremes is selective for coral species that are adapted to such harsh conditions, resulting 
in the presence of only 34 of the 107 scleractinian species that are found in the 
neighboring Gulf of Oman (Riegl 1999; Coles 2003; Rezai et al. 2004).  Several taxa are 
absent from the southeastern Arabian Gulf including the coral genera Montipora, 
Pocillopora, and Goniopora spp., fungiids, oculinids, alcyonaceans, and massive 
sponges.  A census conducted in the spring of 1996 characterized the coral community 
into five well-separated coral assemblages as follows (Riegl 1999, 2001, 2002, 2003): 
 
A. Large, widely spaced (i.e. several meters between colonies) Porites lutea and 
other Porites colonies; interspersed with other, mainly massive, species.   
B. Mainly tabular Acropora clathrata, and six other generally subordinate 
Acropora species with high (40-90%) coral cover; frequent overtopping of 
competitively inferior massive Porites, Cyphastrea and Platygyra.   
A
B
Dubai
Fujairah
DR
DS
MN
MS
“B”
HLU1
HLU2
SRW
MKS
DLM
YST
YSTA
YSTB
HWK
BTN1
BTN2
AHL
DHB
SDT
GHN
Abu 
Dhabi
“A”
Doha
“A”
“B”
Oman
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C. Widely spaced or densely packed groups of faviids, primarily Platygyra 
lamellina, P. daedalea, Cyphastrea serailia and Favia spp. on patches of 
hardbottom among generally sandy substrate.   
D. Widely spaced Siderastrea savignyana colonies on hardbottom with overlying 
sand.   
E. Patchy distribution of densely spaced (i.e. coral cover within patches was 80% 
of available substrate) columnar Porites harrisoni; intermingled with massive 
colonies, mainly Favia and Platygyra.   
 
Elevated sea surface temperature (SST) anomalies impacted this region in 1996, 1998 
and 2002; during which temperatures were 2-4°C above the typical summer maximum 
(Sheppard & Loughland 2002; Riegl 2003).  The 1996 event caused widespread coral 
bleaching and mortality, with a subsequent reduction of 98.7% of framework-building 
Acropora corals in some areas (Riegl 2002).  The 1998 and 2002 anomalies had only 
minor effects on the remaining coral communities, possibly because the surviving 
colonies were not susceptible to the elevated temperatures (Riegl 2002).  However, it is 
possible that these subsequent anomalies impacted Acropora colonies that had recently 
recruited into the area and thus delayed recovery (Burt et al. 2008).  Five Acropora 
species reported prior to the 1998 event (Riegl 1999) remain unobserved through 2007 
(Burt et al. 2008).  Descriptions of the coral community structures a decade after the 
mass mortality event are given in Chapter 2 of this dissertation. 
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Gulf of Oman, United Arab Emirates (25°16′N - 26°33′N  ) 
The Gulf of Oman connects the Arabian Gulf with the Arabian Sea via the Strait of 
Hormuz.  The Gulf of Oman is a transition from estuarine to deep-ocean circulations.  It 
provides the surface inflow of Indian Ocean Sea Water (IOSW) that replaces the net 
freshwater loss to the atmosphere in the Arabian Gulf.  An outflow of dense hypersaline 
water (Gulf Deep Water) exits the Arabian Gulf as an undercurrent that sinks to a depth 
of ~200m from which it spreads across the Gulf of Oman basin (Reynolds 1993). 
Circulation in the Gulf of Oman also includes counter-rotating gyres that create cold-
water, upwelling during the summer monsoon (Reynolds 1993; Schils & Wilson 2006).   
 
The coastline of the United Arab Emirates in the northwestern Gulf of Oman extends 90 
km.  The work described in this study was conducted at sites in the northern and southern 
ends of the UAE coastline (Figure 1.1) where the coral communities exist on shore-
parallel terraces (e.g. Mirbah Reef), massive coral gardens (e.g. Dibba South) and rock 
outcroppings (e.g. Dibba Rock).  Coral cover is typically 30-40% at depths of 4-12m 
(Rezai et al. 2004).  Exposure to moderate salinities and temperatures in the Gulf of 
Oman allows for higher diversity, in comparison with the Arabian Gulf, with 107 
scleractinian species identified.  The salinity in the Gulf of Oman is typically 36.5 ppt, 
with recent measurements ranging between 35.4-37.6 ppt (Shriadah 2001).  Water 
temperatures range between 22-31°C, with summer temperatures that may fluctuate the 
extent of this range within a single day due to the rise and fall of a strong thermocline 
(Rezai et al. 2004).   This thermocline forms around 5-10 m depth, between the heated 
surface and cool upwelling waters, and can protect the corals from bleaching.    Similar 
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(a) 
June 6, 2007
June 7, 2007  
(b) 
 
 
small-scale, localized upwellings in other regions have been reported to create refugia 
that afford corals protection from temperature-induced bleaching (Riegl & Piller 2003).   
The corals in this Gulf of Oman region had been undisturbed for 12-40 years prior to 
June 2007 (Foster et al. 2010), although there was temporal variability of live coral at 
specific sites due to crown-of-thorns starfish outbreaks and periodic recruitment episodes 
(Rezai et al. 2004).  
 
The region was impacted by two consecutive disturbances; Cyclone Gonu in June 2007 
(Figure 1.2) and the Cochlodinium polykrikoides harmful algal bloom (HAB) that 
persisted from August 2008 until May 
2009 (Figure 1.3).  The extent of the coral 
community destruction varied 
considerably depending on site, taxa and 
colony morphology (Foster et al. 2009, 
2010).  Descriptions of the coral 
community structures following these 
disturbances are given in Chapter 3 of this 
dissertation. 
 
Figure 1.2 Images of Cyclone Gonu 
(a) Storm track and (b) satellite images of Cyclone Gonu.  
Source: NASA images with track from National 
Hurricane Center and Joint Typhoon Warning Center.  
Images are available online at http://commons. 
wikimedia.org/wiki/Category:Cyclone_Gonu. 
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Figure 1.3  Images of HAB in the northwestern Gulf of Oman during November 2008 
(left) Underwater view, Mirbah North monitoring station; (right) Surface at Dibba Rock site 
 
 
Broward County, Florida (26°00′N - 26°18′N) 
The reef system located offshore Broward County, FL, USA (25°58′N to 26°19′N), 
consists of three progressively deeper, shore-parallel terraces (Macintyre & Milliman 
1970; Lighty 1977; Macintyre 1988) that are separated by areas of sandy sedimentary 
deposits of various depths (Figure 1.4). These reefs are commonly referred to as inner 
reef, middle reef and outer reef.  In addition, there exists a series of shallow, hardbottom 
ridges that lie inshore of the inner reef, collectively called the “ridge complex” (Moyer et 
al. 2003). 
 
The geomorphology of the reefs in Broward County has been described in multiple 
studies (e.g. Shinn 1963; Macintyre & Milliman 1970; Lighty 1977; Lighty et al. 1978; 
Shinn et al. 1981; Lighty et al. 1982; Macintyre 1988; Banks et al. 1998; Lidz 2004; 
Banks et al. 2007) as summarized below. 
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Figure 1.4  Map of Broward County, Florida study area 
Blue boxes outline corridors.  White dashed boxes outline corridor-reef sections.   Sites are coded as 
XYZ# where X is the corridor (N= North, C = Central, S = South), Y is the reef tract (R = Ridge Complex, I = 
Inner, M = Middle, O = Outer), Z is the reef zone (E = Edge, C = Crest, S = Slope), # is the replicate number.  The 
background LADS image mosaic (without sample sites) produced by Brian Walker, National Coral Reef Institute, 
Nova Southeastern University. Dania Beach, FL 
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Outer reef - An acroporid-framework reef; located 1.5-2.5 km offshore at 15-24 
m below sea level; has geomorphological zonation similar to that of modern 
Florida Keys reefs; active accretion 10.2-8.2 cal BP (calibrated 
14
C-dated years 
before present).   
Middle reef - Framework is dominated by massive corals including Agaricia, 
Manicina, Montastraea and Siderastrea spp.; located 0.7-1.8 km offshore at 10-
22 m below sea level; does not display detectable zonation; active accretion 4.2-
3.7 cal BP; may have been the shoreline at the time during which the outer reef 
was actively accreting. 
Inner reef - Generally an Acropora palmata framework; located 0.7-1.3 km 
offshore at 7-12 m below sea level; active accretion 6.2-5.9 cal BP; extends 
northward to the Hillsboro Inlet (26°15′) in Broward County, beyond which it is 
buried under modern shoreline sediment; discontinuous and in most areas is a 
complicated amalgamation of patch reefs that can fuse to form longer structures, 
within which the individual patch reefs frequently remain identifiable. 
Ridge complex - Shoreline deposits with visible karst features; the majority of the 
substrate being coquina north of Port Everglades and carbonate/quartz south of 
the port; located 0.1-0.5 km offshore at 2-8 m below sea level; may have been the 
shoreline at the time during which the inner reef was actively accreting.     
 
Although the reefs of Broward County consist of typical Caribbean fauna, the community 
structures on these reefs are considerably different than nearby reefs in the Florida Keys, 
the Bahamas, Jamaica, the US Virgin Islands and Puerto Rico (Moyer et al. 2003). 
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Previous studies (Moyer et al. 2003; Gilliam 2007) have clarified broad-scale (i.e. 
macrohabitat and large-scale habitat) ecology and community structures within the 
Broward County reef tracts, including the following: 
 Over 140 species of benthic fauna and flora have been recorded, including 30 
hermatypic coral species  
 The area cover of the large-scale habitats (within reef tracts and corridors) 
indicates low scleractinian cover (1-13%), with alcyonaceans being the 
dominant fauna (5-32%) 
 Diversity increases from north to south (substrate availability is fairly 
homogenous and probably does not contribute to the north-south diversity 
gradient) 
 Live coral cover increases seaward, with the outer reef typically having the 
highest coverage 
 
Bleaching and partial bleaching (associated in part with elevated water temperatures) has 
been observed in Broward County in recent years (Gilliam 2007); however, mass 
bleaching has not been observed, including during the 1997-1998 event that impacted the 
Caribbean.  Thermograph data collected between July 2000 and December 2003 indicate 
that seawater temperatures range between 18.3-30.5°C, with mean monthly winter 
minimums of 22-23°C and mean monthly summer maximums of 28.5-29.8°C (Banks et 
al. 2007).  The ridge complex is generally warmer in the summer and colder in the winter 
than the other reef tracts, due to the faster heat gain and loss of the shallower water.   
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Tropical storms and hurricanes have varying influences on the Broward County 
community structures, ranging from large-scale destruction with subsequent regeneration 
(Shinn 1976) to cleaning macroalgal and bacterial overgrowth from corals (Banks et al. 
2007).  In addition to direct physical damage from the storms, sediment (possibly 
transported shoreward by storm-generated waves and currents from deeper parts of the 
continental shelf) can also impact the reef biota.  Following the four hurricanes in 2004, 
silt/clay sediment buried nearshore hardbottom and persisted through at least 2007 
(Gilliam 2007; Miller & Kosmynin 2008).   Descriptions of the coral community 
structures between 2004 and 2005 are given in Chapter 4 of this dissertation. 
 
Community Structure Changes Following Natural Disturbances 
Following a natural disturbance (e.g. cyclone, mass bleaching, harmful algal bloom) coral 
community structures are reshaped based on the recovery of the surviving colonies and 
the recruitment of new individuals into the community (e.g. Hughes 1989; Smith & 
Hughes 1999; Riegl 2001; Loch et al. 2002; Lirman 2003; Golbuu et al. 2007; Guzman 
& Cortes 2007).  Positive recovery outcomes include the continued growth of undamaged 
colonies, fragment reattachment, and remnant tissue regrowth on partial-mortality 
colonies.  Negative recovery outcomes include subsequent mortality due to disease 
resulting from compromised colony health, transportation of fragments to unsuitable 
locations, and the collapse of reef framework resulting from bioerosion.  Recruitment of 
new individuals may be the result of sexual reproduction of local surviving colonies or 
the immigration of larvae that have dispersed over long distances.  Sexual reproduction of 
local surviving colonies may be negatively impacted by sublethal stresses that require 
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increased energy expenditure for maintenance, repair and growth.  Fecundity may be 
decreased and reproductive cycles may be interrupted, delayed or skipped in such 
colonies (Harrison & Wallace 1988). 
 
Analyses of spatial and temporal variations in coral size frequency distributions and taxa 
inventories can be used to describe post-disturbance ecology patterns.  Taxa inventories 
can indicate recruitment of new species from distant larval pools, dominance shifts and 
localized extinctions of previously existing species.  The skewness in size frequency 
distributions can indicate trends in recruitment, survival and growth of coral 
communities.  Communities skewed to the left (i.e. mostly larger colonies) may indicate 
strong survival of massive colonies with poor post-disturbance recruitment.  
Communities skewed to the right (i.e. mostly smaller colonies) may indicate extensive 
fragmentation or heavy recruitment. 
 
Singular Site Assessments and Repetitive Site Monitoring 
The field ecology patterns derived within this study are based on two means of data 
collection; singular site assessments and repetitive site monitoring.  For the purposes of 
this dissertation, “assessments” are defined as inventories that are completed within a site 
from which data are collected once.  In contrast, repetitive monitoring sites have 
permanent markers installed to ensure that the same location may be inventoried 
repeatedly over time.  Both methods allow for spatial analyses of ecology patterns.  In 
addition, repetitive monitoring allows for temporal analyses of individual colonies, 
including the tracking of life history traits such as growth, partial mortality, fusion with 
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other colonies and fragmentation/fission.  Temporal analyses may be conducted on data 
from assessments of sites within close proximity to each other, but such results show 
general trends only and do not provide life histories for individual colonies. 
 
Time and available resources determined whether assessments or repetitive monitoring 
were conducted for a given site during this study.   Within the southeastern Arabian Gulf, 
seven sites were repetitively monitored and five sites were assessed once (Table 1.1).  
Within the northwestern Gulf of Oman, all four sites were repetitively monitored.  Within 
Broward County, FL, each of the 99 sites was assessed once. 
 
Table 1.1  Data collection regimes in the southeastern Arabian Gulf and northwestern Gulf of Oman 
Regimes include single assessments, repetitive monitoring (annual data collection) and temperature data 
(no other benthic data collected) during the years specified.  
 
Station Site Name Depth (m) Location Data Collection Year(s) 
HLU2 Halul East 4.8-5.2 Island Single Assessment 2006 
HLU1 Halul South 4.5-5.3 Island Single Assessment 2006 
SRW Shra’aw 5.0-5.5 Island Temperature data 2006 
MKS Makaseb 2.1-5.5 Island Repetitive Monitoring 2006, 2009 
YST Yasat Ali 3.0-4.7 Island Repetitive Monitoring 2006-09 
YSTA Yasat Asfl 5.0-5.5 Island Temperature data  2006-07 
YSTB Yasat Buoy #B-08 31 Offshore Temperature data 2008 
HWK Hawksbill Reef 7.0-8.5 Limestone 
Dome 
Single Assessment 2009 
DELM5 Delma 5.3-5.6 Island Single Assessment 2009 
BTN1 Bu Tinah North 1.8-3.6 Island Repetitive Monitoring 2006-09 
BTN2 Bu Tinah West 2.0-3.5 Island Repetitive Monitoring 2006-08 
AHL Al Hiel 2.6-4.2 Island Repetitive Monitoring 2006-09 
DHB Dhabiya 6.4-7.2 Coastal Single Assessment 2009 
SDT Saadiyat 5.7-7.2 Coastal Repetitive Monitoring 2007-09 
GHN Ras Ghanada 7.6-8.5 Coastal Repetitive Monitoring 2007-09 
DR Dibba Rock 5.1-7.1 Coastal Repetitive Monitoring 2007-09 
DS Dibba South 6.7-8.1 Coastal Repetitive Monitoring  2007-09 
MN Mirbah North 4.5-6.9 Coastal Repetitive Monitoring 2007-09 
MS Mirbah South 2.5-3.6 Coastal Repetitive Monitoring  2007-09 
 
 30 
Common Methodologies for Data Collection 
Similar methods were employed during the data collection within the three high-latitude 
regions and during subsequent analyses.  A series of digital images were taken along belt 
transects in the southeastern Arabian Gulf and northwestern Gulf of Oman and within 
quadrats in Broward County (Figure 1.5).  Photographs were taken with an Olympus 
750/770 camera and a wide-angle lens.  The underwater housing was securely attached to 
a rigid photo-framer (Figure 1.6) that oriented the camera at a fixed distance of 50 cm 
above the benthos.  The 0.5 m x 1.0 m base of the framer served as a border within each 
image to provide known dimensions for subsequent image analyses.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5  Photo configurations for belt transects and quadrats 
(top) Two rows of twenty images create each of the 10.0m x 1.5m belt transects used in the Gulfs.  
(bottom) Four rows of eight images create each of the 3.0m x 4.0m quadrats used in Broward County, 
Florida. 
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Figure 1.6  Example of benthic image taken using rigid photo framer 
(left) Photo framer configuration; dual strobe setup minimizes shadows within the framed image.  (right) 
Example of benthic image from Broward County, Florida. 
 
 
Colonies were traced using the Area Analysis function in Coral Point Count (CPCe) 
(Kohler & Gill 2006) and identified to genus (Figure 1.7).  Corals were identified to 
genus because some of the smaller colonies lacked the morphological characteristics that 
aid in species identification.  CPCe calculated colony surface areas (planar view) based 
on the known area of the benthic view within the photo-framer.  The data for all transect 
or quadrat images within a site were pooled to provide percent live coral cover.  Pooled 
colony counts were used to determine coral densities and mean colony sizes.  
 
Figure 1.7 Examples of image analysis using Coral Point Count (CPCe) 
(left) Hard corals are outlined; data labels show colony surface area and genus.  (right)  Hard corals are 
color coded by genus; overlaid tab shows data that are pooled with similar data for other images within the 
same site, exported into Excel, and used to calculate percent cover, densities and mean colony sizes. 
0.5 m
0.75 m
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Coral Community Size-Dependent Classifications 
The demographics within a coral community affect reproduction, growth, mortality and 
recovery from disturbances.  Many such life history processes are related to colony size.  
For example, relative growth rates and whole-colony mortality have been shown to 
decrease with increasing colony size whereas rates of partial mortality and fission 
increase with increasing colony size (Hughes & Jackson 1980, 1985; Hughes 1983; 
Hughes & Connell 1987; Babcock 1991; Babcock & Mundy 1996; Wilson & Harrison 
2005; Mangubhai et al. 2007).  Also, once reproductive status is attained (i.e. when a 
colony reaches a minimum size of 1-16 cm diameter, depending on the species), 
fecundity tends to increase with size due to an increase in the number of polyps, an 
increase in polyp fecundity, or both (e.g. Kojis & Quinn 1981; Wallace 1985), unless 
sublethal stress or partial mortality reduces fecundity or unless a senescent stage occurs 
(Hughes & Jackson 1985; Rickenvich & Loya 1986). 
 
Within this study, a single state variable was measured with respect to vital rates; surface 
area (based on planar view of colonies in photo transects).  Thus size-dependent 
classifications are based on groupings of surface areas (where surface areas are assumed 
to be based on circular colonies with A = πr2).  To determine the most appropriate surface 
area groupings, size frequency distributions (based on the 2007 data for massive taxa 
within the Arabian Gulf) were compared for areas associated with radius increments of 1, 
2, and 3 cm (Table 1.2).  The corresponding size frequency distributions for the sparsely 
(<10% live coral cover) and moderately (25-45% live coral cover) populated regions are 
shown in Figure 1.8. 
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Table 1.2  Surface area ranges within five size-dependent classifications based on different coral 
colony radius increments 
 
Size Class 
Increments 
SC 1 SC 2 SC 3 SC 4 SC 5 
1 r ≤ 1 cm 
A ≤ 3.1cm2 
r = 1 - 2 cm 
A = 3.2-
12.6cm
2
 
r = 2 – 3 cm 
A = 12.7-
28.3cm
2
 
r = 3 – 4 cm 
A = 28.4-
50.3cm
2
 
r > 4 cm 
A > 50.3cm
2
 
2 r ≤ 2 cm 
A ≤ 12.6cm2 
r = 2 - 4 cm 
A = 12.7-
50.3cm
2
 
r = 4 – 6 cm 
A = 50.4-
113.1cm
2
 
r = 6 – 8 cm 
A = 113.2-
201.1cm
2
 
r > 8 cm 
A > 201.1cm
2
 
3 r ≤ 3 cm 
A ≤ 28.3cm2 
r = 3 - 6 cm 
A =28.4-
113.1cm
2
 
r = 6 – 9 cm 
A =113.2-
254.5cm
2
 
r = 9 – 12 cm 
A =254.5-
452.4cm
2
 
r > 12 cm 
A > 452.4cm
2
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Figure 1.8  Comparisons of size frequency distributions based on different colony radius increments 
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The size classes based on radius increments of 1 cm are sub-optimal because the 
frequency distributions are skewed to the left (i.e. mostly large colonies), particularly the 
faviids in the sparse region and the poritids in the moderate region where ~60% of the 
colonies fall into a single size class (SC 5).  The size classes based on radius increments 
of 3 cm are also sub-optimal; however, these distributions are skewed to the right (i.e. 
mostly small colonies) with poritids in the sparse region, faviids in the sparse region, and 
faviids in the moderate region having ~50% of the colonies in a single size class (either 
SC 1 or 2) and 0-5% of the colonies in each of the two largest size classes (SC 4 and 5).  
Groupings based on r ≥ 4 cm would be further skewed to the right, with the larger size 
classes approaching 0% of the colonies.  Therefore, the optimal size classes are those 
based on radius increments of 2 cm where all size classes have >5% and <40% of the 
colonies.  
 
Based on the size frequency distributions of the massive colonies in the 2007 survey, the 
coral communities in this study have been divided into five size-dependent classes as 
described herein (Figure 1.9). 
 
Figure 1.9  Representation of size classes used in this study  
 
SC 1 
r = <2 cm 
A = <12.7 cm
2 
SC 2 
r = 2-4 cm 
A = 12.7-50.2 cm
2 
SC 3 
r = 4-6 cm 
A = 50.3-113.0 cm
2 
SC 4 
r = 6-8 cm 
A = 113.1-201.1 cm
2 
SC 5 
r = >8 cm 
A = >201.1 cm
2 
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Size Class 1 includes corals with surface areas <12.7 cm
2
.  This surface area 
represents a circular colony with a radius of 2 cm or less.  Massive corals in the 
Arabian Gulf have approximate growth rates of 1-2 cm per year (Riegl et al. 
2009).  Similar growth rates are assumed in the other high latitude regions, i.e. the 
northwestern Gulf of Oman and Broward County, FL.  Based on these growth 
rates, young corals in this size class would be less than two years old.  This group 
also includes older corals that have undergone partial mortality (shrinkage), 
fission into smaller ramets, and stunted or delayed growth.   
 
Size Class 2 includes corals with surface areas between 12.7-50.2 cm
2
.  This 
surface area represents a circular colony with a radius of 2-4 cm.  Based on the 
faster growth rate of 2 cm per year, the youngest corals in this size class would be 
at least two years old.  In the Gulf of Oman, all colonies in this size class or larger 
had survived the 2007 cyclone disturbance.  Also included are older corals that 
have undergone partial mortality (shrinkage), fission into smaller ramets, stunted 
or delayed growth, and fusion of multiple colonies.   
 
Size Class 3 includes corals with surface areas between 50.3-113.0 cm
2
.  This 
surface area represents a circular colony with a radius of 4-6 cm.   Based on the 
faster growth rate of 2 cm per year, the youngest corals in this group would be at 
least four years old.  This size class also includes older corals that have undergone 
partial mortality (shrinkage), fission into smaller ramets, stunted or delayed 
growth, and fusion of multiple colonies.   
 36 
Size Class 4 includes corals with surface areas between 113.1-201.1 cm
2
.  This 
surface area represents a circular colony with a radius of 6-8 cm.   Based on the 
faster growth rate of 2 cm per year, the youngest corals in this group would be at 
least six years old.  This size class also includes older corals that have undergone 
partial mortality (shrinkage), fission into smaller ramets, stunted or delayed 
growth, and fusion of multiple colonies.   
 
Size Class 5 includes corals with surface areas >201.1 cm
2
.  This surface area 
represents a circular colony with a radius >8 cm.   Based on the faster growth rate 
of 2 cm per year, the youngest corals in this group would be at least eight years 
old.  This size class also includes older corals that have undergone partial 
mortality (shrinkage), fission into smaller ramets, stunted or delayed growth, and 
fusion of multiple colonies.   
 
SC 1 colonies are presumed to be the non-reproductive group because (i) juvenile 
colonies are too young/small to have reached puberty or (ii) mature colonies that shrink 
to this size class are likely to redirect energy resources from reproduction to repair and 
regrowth (Kojis & Quinn 1981; Szmant 1986; Harrison & Wallace 1988).   SC 5 colonies 
are presumed to be the mature, reproductive group because nearly all massive coral 
species that have been studied to date are sexually reproductive upon reaching this size 
(e.g. Harrison & Wallace 1988).  SC 2-4 are “limited reproduction” groups that include 
(i) adolescents which have reached puberty but are not yet sexually mature and (ii) 
mature colonies which have experienced some degree of shrinkage or delayed growth 
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that limits energy resources available for reproduction (Kojis & Quinn 1981; Szmant 
1986; Harrison & Wallace 1988).  Much remains understudied related to life history 
processes of corals in the southeastern Arabian Gulf and northwestern Gulf of Oman.  
Future research may indicate alternative groupings for SC 2-4 based on ecological 
characteristics (e.g. fecundity, growth rates, probabilities of fission, fusion or mortality).  
In the absence of such data, SC 2-4 are based on the optimal size classes (i.e. radius 
increments of 2 cm where all size classes have >5% and <40% of the colonies) as 
described earlier in this section.   
 
Treatment of Edge Corals  
The size classes defined above are used when determining spatial ecology parameters 
throughout this study. Each colony that is located in its entirety within a given belt 
transect or quadrat is counted, and its size class is determined from digital images using 
Coral Point Count (CPCe) (Kohler & Gill 2006).  There are additional colonies, referred 
to as “edge corals” (i.e. any colony intersected by an edge of a belt transect, with a 
fraction of the colony lying inside the sample area and the remainder of the colony lying 
outside the area), which also appear within the belt transects/quadrats and which require 
special treatment due to potential biases that arise when counting partial colonies.  
Common practices for inclusion or exclusion of the edge corals are summarized below: 
 
 Exclusion of all edge corals, referred to as the Type I approach (Zvuloni et al. 
2008), leads to an underestimation of the true coral density with a positive bias 
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towards smaller colonies and a negative bias towards larger colonies resulting in a 
size frequency distribution skewed to the right. 
 Inclusion of all edge corals, referred to as Type the II approach (Zvuloni et al. 
2008); leads to an overestimation of the true coral density with a positive bias 
towards larger colonies and a negative bias towards smaller colonies resulting in a 
size frequency distribution skewed to the left. 
 Exclusion of corals that intersect two edges of the belt transect and inclusion of 
corals that intersect the other two edges (Andrew & Mapstone 1987; Dikou & van 
Woesik 2006); leads to an overestimate of the population density and a positive 
bias towards larger colonies. 
 Inclusion of edge corals with ≥50% of their surface areas within the belt transect 
(Nugues & Roberts 2003); may lead to negative bias towards larger colonies 
particularly when these colonies are positioned near the transect corners. 
 Inclusion of the edge corals with centers lying within the sampling area, referred 
to as the Center Rule Scheme (Zvuloni et al. 2008); nonbiased. 
 
Zvuloni et al. (2008)  developed formulae to correct the Type I and Type II approaches  
in order to remove the respective biases that affect the size frequency distributions and 
ranked the unbiased methods in order of preference from highest to lowest when 
collecting data in-situ: (1) Corrected Type II, (2) Corrected Type I, and (3) Center Rule 
Scheme.  However, Zvuloni et al. (2008) suggested that it may be more appropriate to 
use the corrected Type I approach when using photo-quadrats because it may be difficult 
to determine the colony diameters required as part of the Type II correction formula if the 
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full sizes of some edge corals are not visible within the photos. Each of the unbiased 
sampling methods has its own advantages and disadvantage; thus, a combination of 
approaches may be used (Zvuloni et al. 2008).   In order to determine the optimal method 
to use for this study, the size frequency distributions and sample sizes, based on the 2007 
data for massive taxa within the Arabian Gulf, were calculated using (i) the corrected 
Type I approach, (ii) the corrected Type II approach and (iii) a new alternative, referred 
to as the Type III approach.  It should be noted that the Type III approach is not a 
probabilistic method, as is the case of corrected Types I and II, but instead seeks to 
maximize all available data captured in photographic belt transects.    
 
In the Type III approach, an edge coral is treated in one of two ways depending on how 
much of the colony is visible within the photos (Figure 1.10). 
 
 
 
Figure 1.10  Type III approach for including edge corals when determining size frequency 
distributions and other count-based measures from photos  
Thick black rectangle represents a framer border, the inside of which is the sample area.  Thin black 
rectangle represents the edges of the photo, beyond which the remainder of certain colonies are not visible.  
Solid gray circles represent whole colonies lying entirely within the framer border.  Dotted circles represent 
edge corals that are either fully or partially visible within the photo.  White circles represent colonies lying 
entirely outside the sample area. 
 
Whole colonies visible; 
determine actual size 
class and fraction of 
colony inside transect
Partial colonies visible; 
estimate size class and 
fraction of colony inside 
transect based on 
maximum cross-section
Treatment A Treatment B
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Treatment A:  For an edge coral that is visible in its entirety within the photo, the 
surface areas of the whole colony and the part of the colony that lies within the 
framer border are determined using CPCe.   
 
Example:  A 100 cm
2
 edge coral has 20 cm
2
 (20%) of its surface area 
lying within the framer border.  The number of size class 3 colonies (50.3 
– 113.1 cm2 surface areas) within the sample is increased by 0.2 when this 
edge coral is counted.   
 
Treatment B:  For an edge coral that is partially visible within the photo, the 
maximum cross-section is used as the estimated diameter when calculating the 
surface area of the whole colony (i.e. colonies are assumed to be circular).  The 
actual surface area of the portion of the colony that lies within the framer border 
is determined using CPCe.    
 
Example:  The maximum cross-section (i.e. estimated diameter) of an 
edge coral that is visible within a photo is 10 cm.  The estimated surface 
area of the entire colony is 78.5 cm
2
.  Therefore, the colony is estimated to 
be in size class 3 (50.3 – 113.1 cm2 surface areas).   
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The Treatment A edge corals are included with the whole colonies to comprise the known 
portion of the Type III sample sizes while the Treatment B corals comprise the estimated 
portion.  Using the 2007 Arabian Gulf data, the Type III approach results in populations 
that are comprised of <96.5% measured colonies and >3.5% estimated colonies.  
 
The size frequency distributions for the sparsely and moderately populated coral 
communities in the Arabian Gulf were determined using the three approaches (Figure 
1.11).  The distribution patterns were similar regardless of the approach used, with the 
values for the three approaches varying ≤1.5% and ≤0.8% within each of the size classes 
for the sparse and moderate communities, respectively   (Table 1.3).  Kolgomorov-
Smirnov results indicated that the size frequency distributions were statistically similar 
for the three approaches. 
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Figure 1.11  Comparison of size frequency distributions for sparsely and moderately populated coral 
communities in the Arabian Gulf (2007) 
Size classes are ranked from smallest (1) to largest (5).  Corrected Type I approach excludes all edge 
corals.  Corrected Type II approach includes all edge corals as whole colonies.  Type III approach includes 
the measured and estimated fractions of the edge corals within the sample area. 
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Table 1.3  Comparison of sample sizes and size class frequencies (%) for sparsely and moderately 
populated coral communities in the Arabian Gulf (2007) 
 
  Size Class Frequencies (%) 
Sparse Communities n 1 2 3 4 5 
Corrected Type I 854 34.9 28.7 16.4 9.7 10.3 
Corrected Type II 911 34.1 27.7 16.3 10.1 11.8 
Type III 889.3 34.2 28.0 16.3 10.0 11.6 
Whole colonies 854      
Treatment A edge corals       10.9 partial colonies (15 whole colonies)  
Treatment B edge corals       24.4 partial colonies (42 whole colonies)  
       
Moderate Communities       
Corrected Type I 2166 25.2 32.0 15.8 9.6 17.4 
Corrected Type II 2439 24.6 31.3 16.6 10.0 17.6 
Type III 2329.3 24.6 31.3 16.3 9.7 18.1 
Whole colonies 2166      
Treatment A edge corals       84.0 partial colonies (123 whole colonies)  
Treatment B edge corals       80.5 partial colonies (150 whole colonies)  
 
The sample sizes for the sparsely and moderately populated coral communities in the 
Arabian Gulf were also determined using the three approaches (Table 1.3).   The sparse 
and moderate communities include 57 and 273 edge corals, respectively.  Each of the 
three approaches treats these edge corals differently:  (i) the Type I approach excludes all 
edge corals and underestimates sample sizes; (ii) the Type II approach includes all edge 
corals as whole colonies and overestimates sample sizes; and (iii) the Type III approach 
includes all edge corals based on the fractions of those colonies that lie within the belt 
transect and provides the closest representations of “true” sample sizes among the three 
approaches (Table 1.4) 
 
 
Table 1.4 Comparison of the number of known, estimated and excluded colonies within sparsely and 
moderately populated coral communities in the Arabian Gulf (2007) 
 
 Sparse Communities Moderate Communities 
Approach Known Estimated Excluded Known Estimated Excluded 
Corrected Type I 854 0 57 2166 0 273 
Corrected Type II 854 57 (whole) 0 2166 273 (whole) 0 
Type III 869 42 (partial) 0 2289 150 (partial) 0 
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While the three edge coral approaches were statistically similar with respect to size 
frequency distributions, each resulted in different sample sizes.  The Type III approach 
includes data related to the Treatment A edge corals that can be directly calculated from 
the transect photos, resulting in fewer estimations than the corrected Type II approach 
and no exclusions as with the corrected Type I approach (Table 1.4).  The Type III 
approach is the more accurate method for determining sample sizes and other count-
based measures and is, therefore, the method used when analyzing photos throughout this 
study. 
 
Spatial Comparisons – Multivariate Techniques 
Spatial ecology patterns within and between the three high latitude study areas were 
analyzed using graphical descriptions (e.g. taxa inventories, area cover, densities, size 
frequency distributions), univariate techniques (e.g. diversity indices), distributional 
techniques (e.g. k-dominance curves) and multivariate techniques (e.g. hierarchical 
clustering, multidimensional scaling) (Chapters 2-5.).  
 
All multivariate techniques were performed using Primer (Clarke & Gorley 2001).  
Pooled data for a given area were compiled into a rectangular matrix (taxa-by-habitat).  
Because many sites were dominated by a few abundant genera while other genera were 
less common (mid-range), rare or absent, it was necessary to conduct a fourth-root 
transformation on the data to down-weight the abundant genera and to allow the less 
common and the rare genera to influence the similarity calculations (Clarke & Warwick 
2001).  The transformed data in the rectangular matrix were converted into a triangular 
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habitat-by-habitat similarity matrix by calculating the Bray-Curtis similarity index 
between habitat pairs.  [The Bray-Curtis coefficient ranges from 0 (two samples have no 
taxa in common) to 100 (two samples are identical).]  A hierarchical agglomerative 
cluster analysis was used to fuse the similarity matrix into groups and the groups into 
larger clusters, starting with the highest mutual similarity in Bray-Curtis coefficients, 
then gradually lowering the similarity level at which the clusters were formed, and ending 
with a single cluster containing all samples (Clarke & Warwick 2001).  The cluster 
analysis produced a group-average linkage dendrogram (tree diagram) (Figure 1.12) as a 
graphical representation of the similarities at which the groups and clusters are fused.  A 
non-metric multi-dimensional scaling (MDS) analysis generated a two-dimensional plot 
(Figure 1.12) where highly similar habitats appear closer together than habitats with 
lower rank similarities.  The stress value of forcing the multi-dimensional comparison 
into a two dimensional plot was calculated during the MDS analysis.  [The stress value 
increases with reducing dimensionality; stress <0.05 is an excellent 2-D representation, 
0.05-0.1 is a good ordination, 0.1-0.2 is potentially useful but should be cross-checked 
with other techniques, 0.2-0.3 is questionable and may have to be discarded, and >0.3 is 
an arbitrary placement into 2-D space (Clarke & Warwick 2001)]. Non-parametric, one-
way, pair-wise analysis of similarity (ANOSIM) tests were performed to determine 
whether statistically significantly differences in community composition existed between 
habitats.  [ANOSIM tests are analogous to ANOVA tests, but are applied to the similarity 
matrix rather than to variances.  The ANOSIM test statistic, R, usually ranges between 0 
and 1 where smaller values (close to zero) indicate little or no segregation of groups and 
larger values (close to unity) indicate complete separation ((Clarke & Warwick 2001)].  If 
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significant differences in community composition were found, non-parametric similarity 
of percentages (SIMPER)) tests were performed to determine which taxa contributed the 
most to the within-group similarities and the among-group dissimilarities.   
 
 
Figure 1.12  MDS plot and dendrogram examples 
(left) MDS plot; red circle shows a cluster of habitats with 70% similarity.  Stress value indicates relative 
quality of the ordination.   (right) Dendrogram; branches below the red arrow link habitats with greater than 
70% similarity.  These are the same habitats circled in the MDS plot. 
 
Temporal Comparisons 
Repetitive monitoring along permanent transects allowed individual corals to be tracked 
over time.  Common benthic organisms and features were visually identified in sequential 
images and used as guides to overlap the photos.  Images were stitched together using 
Canvas software to create mosaics for a given transect (Figure 1.13a).  Each colony that 
was fully visible in the mosaic during the first year of the temporal comparisons was 
given a unique identifying number (Figure 1.13b).  (Treatment B edge corals were not 
included in the temporal comparisons.)  Side-by-side comparisons allowed the individual 
colonies from the first year to be identified in the mosaics for each subsequent year 
(Figure 13b-d).  The surface areas for each colony were compared over the years to 
determine if the colony remained within the same size class, transitioned into another size 
class, or died.   
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(a) (b)  (c) (d) 
Figure 1.13  Transect mosaic and temporal comparison examples 
(a) Section of Ras Ghanada transect mosaic, images taken in 2007; (b) Canvas representation of coral 
community in same section of 2007 mosaic; (c) Same section of mosaic based on images taken in 2008; (d) 
Same section of mosaic based on images taken in 2009.  Unique numbers identify individual colonies 
throughout the years.  Colonies are color coded by genus; Porites (green), Platygyra (red), Acropora (blue), 
Favia/Favites (beige), Turbinaria (orange) 
 
Coral Colony Size Class Transitions 
Coral colonies have complicated life histories that include recruitment, growth, size class 
stability, fusion, partial mortality, fission, and death.  These vital rates may be determined 
through repetitive site monitoring during which changes in individual colonies can be 
recorded.  Vital rates may then be plugged into size class transition matrices that allow 
future coral community populations to be projected. 
 
Recruitment - New genets enter the population through recruitment of locally or 
remotely dispersed larval sources (Figure 1.14a).   Ramets enter the population 
through asexual reproduction of local colonies or through the attachment of 
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fragments transported from a remote population. For the purposes of this study, a 
colony observed at time (x+1) that was not observed in the same location along 
the survey transect at time (x) and was not the result of suspected fission, was 
considered a new recruit, regardless of whether it is a genet or ramet as such a 
distinction would require genetic testing, which was outside the scope of this 
dissertation.  
  
Although the potential for recruitment from remotely dispersed larval sources 
exists in an open population, low larval survival suggests that the majority of 
successful recruitment occurs on natal or from neighboring reefs (Miller & 
Mundy 2003; Graham et al. 2008).  Therefore, a simplifying assumption shall be 
applied throughout this dissertation:  each coral population is a closed system with 
recruitment from local colonies only. 
     
Growth – Growth refers to the progression of a colony from a smaller size class to a 
larger size class.  Given the presumed growth rates of 1-2 cm per year and the 
designated size classes in this study, a colony can only progress to the next larger 
size class within a given year (Figure 1.14a). 
 
Size Class Stability – Colonies may remain within the same size class over one or 
more annual monitoring interval(s).  This does not imply a steady state.  The surface 
area of a colony may increase or decrease, but the net result is to remain within the 
range of the original size class (Figure 1.14a). 
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 (a)  (b)  (c) 
 
 
 
Figure 1.14  Segments of a coral life history loop 
(a) Recruitment, growth and size class stability; (b)  Fusion (the fate of the largest colony is depicted) - one 
or more ramets of equal or smaller size class (represented by “Fu”) fuse(s) with the largest ramet to become 
a  conjoined colony of the same or larger size class than the largest ramet; (c) Partial mortality and fission.  
Numbered circles represent size classes.  Size class progression (black solid lines), stability (green solid 
lines), regression (blue solid lines), and entry into life history loop through recruitment (red dashed lines). 
 
 
Fusion – Fusion occurs when two or more ramets grow together to become 
indistinguishable as separate colonies (i.e. recovery from fission).  The fused colony 
may be in the same or in a larger size class than the largest of the original ramets 
(Figure 1.14b). 
 
Partial Mortality – Partial mortality refers to the regression of a colony of a larger 
size class into a single colony of a smaller size class.  A colony can regress several 
size classes within a given year (Figure 1.14c).  
 
Fission – Fission refers to the regression of a single colony into multiple smaller 
ramets.  The ramets may be in the same or in smaller size classes than the original 
colony (Figure 1.14c). 
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These life history transition segments can be combined to show the life history loop for a 
size class-structured coral population (Figure 1.15).  Because the matrices developed as 
part of this dissertation are based on size classes (i.e. Lefkovitch matrices) rather than age 
classes(i.e. Leslie matrices), they shall be referred to as “size class transition probability 
matrices.”. 
 
Figure 1.15  Life history loop for a size class-structured coral population showing recruitment, 
growth, size class stability, fusion, partial mortality and fission in a closed system 
 
Size Class-Structured Transition Matrices 
Repetitive site monitoring allows data to be collected regarding the life history of 
individual corals within a population.  Between repetitive surveys, an individual will 
either remain within the same size class, transition to another size class, or die.  Each 
outcome has a certain probability, determined by the proportion of individuals within the 
population that incur it (Caswell 2001; Owen-Smith 2007).  A 5x5 size class transition 
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matrix represents the population dynamics in this study where ai,j is the probability of an 
individual coral moving from state j to fate i (Figure 1.16).   The sum of the probabilities 
within a given column is the survival rate for that size class.  Transition matrices were 
developed for the southeastern Arabian Gulf and northwestern Gulf of Oman based on 
temporal comparisons (Chapters 3 and 5). 
 
 
 
Figure 1.16  Size class-structured transition matrix representing the probability of an individual 
coral moving from state j to fate i.   
S = Size class stability, PM = Partial mortality, R = Recruitment, G = Growth 
 
A 5x5 matrix has five eigenvalues, λi, or solutions to the matrix.  The dominant 
eigenvalue (i.e. the largest, positive eigenvalue that is a real number) is the growth rate of 
the size class-structured population (Hughes 1984; Caswell 2001):  (i) for  λ > 1, the 
population is growing; (ii) for λ = 1, the population is stable; and (iii) for λ <1, the 
population is declining.  The growth rate may be used to project future population 
structures, assuming that the vital rates remain constant over time.  If the size class-
structured population stabilizes over time, the dominant eigenvalue may then be used to 
solve for the associated eigenvector and stable size class distribution (Caswell 2001; 
Owen-Smith 2007).  
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Chapter 2 :  CORAL ASSEMBLAGES IN THE SOUTHEASTERN ARABIAN GULF (QATAR 
AND ABU DHABI, UAE):  VARIOUS STAGES OF ACROPORA RECOVERY A DECADE AFTER 
RECURRENT ELEVATED TEMPERATURE ANOMALIES   
 
Introduction 
The 1998 elevated sea surface temperature anomaly was associated with widespread 
coral bleaching and mortality around the world (e.g. Wilkinson 1998, 2000; Goreau et al. 
2000; Bruno et al. 2001; Mumby et al. 2001; Aronson et al. 2002).  While the Indo-
Pacific suffered heavy losses of coral cover, the Arabian Gulf (a semi-enclosed sea that is 
connected to the Indian Ocean via the Strait of Hormuz) experienced minimal losses, 
primarily because many thermally-susceptible corals had died during an elevated 
temperature anomaly (ETA) two years earlier in 1996 (Wilkinson 1998; Riegl 1999, 
2002).  The subsequent 1998 ETA and a third anomaly that occurred in 2002 had only 
minor effects on the remaining coral communities, because the surviving colonies 
(primarily massive Porites, Favia, and Platygyra spp.) were relatively resistant to the 
elevated temperatures (Riegl 2002).   
 
Arabian Gulf corals are regularly exposed to natural conditions that exceed survival 
threshold limits of corals elsewhere in the world, with temperatures between 16.5-35.0°C 
and salinities >40 ppt (e.g. Kinsman 1964; Shinn 1976; Carpenter et al. 1997).  Exposure 
to temperature and salinity extremes has been selective for coral species that are adapted 
to such harsh conditions (i.e. less than one-third of the scleractinian species that are found 
in the neighboring Gulf of Oman have adapted to survive in the southeastern Arabian 
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Gulf (Riegl 1999, Coles 2003, Rezai et al. 2004, Claereboudt 2006)).  During the ETAs, 
temperatures in the Arabian Gulf were >2°C above the typical summer maximum 
(Sheppard & Loughland 2002; Riegl 2003) and 4-8°C above SSTs associated with coral 
bleaching elsewhere in the world (Bruno et al. 2001; Mumby et al. 2001; Aronson et al. 
2002; Sheppard 2003).  These increases in sea surface temperatures exceeded the thermal 
tolerances of the acroporid populations in the southeastern Arabian Gulf (i.e. near Dubai 
and Abu Dhabi) resulting in a loss of >98% of the frame-building coral cover in some 
areas, the total mortality of seven Acropora species, and a shift in dominance from 
acroporids to massive taxa (Riegl 1999, 2002).   
 
As ETAs are predicted to occur with greater frequency (Coles & Brown 2003; Sheppard 
2003), it is possible that future coral communities around the world may be in a constant 
state of recovery, with regeneration times exceeding the periods between disturbances.  
The coral assemblages within the southeastern Arabian Gulf, which have developed 
following three ETAs within a six-year period, are examples of such communities in 
which resistant massive taxa comprise the foundation of the hard coral habitat while the 
susceptible, yet resilient, acroporids fluctuate through various stages of recovery.  The 
presence of Acropora juveniles within two years of the 1996 mass mortality indicated the 
potential for rapid recovery in the Arabian Gulf (Riegl 2002), but this initial recruitment 
was lost in some areas due to additional acroporid mortality during the 2002 ETA (Burt 
et al. 2008).  Despite this setback, Acropora had recovered sufficiently by 2006 for it to 
regain its status as the dominant taxa in several coral communities near Dubai (UAE) 
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(Burt et al. 2008).  In other areas of the southeastern Arabian Gulf, such as near Abu 
Dhabi (UAE) and Qatar, Acropora populations are recovering at slower rates.    
 
The objectives of this study are to (i) characterize the coral communities near Qatar and 
Abu Dhabi between 2006 and 2009; (ii) compare these to the pre- and post-disturbance 
communities in the adjacent waters near Dubai (Riegl 1999, 2001, 2002; 2003; Burt et al. 
2008); and (iii) determine whether projected regeneration times for acroporids exceed the 
frequency of disturbances in the southeastern Arabian Gulf.     
Methods 
Monitoring Stations 
Monitoring site locations were selected in areas representing various coral communities 
within the southeastern Arabian Gulf including sites along the coasts, near offshore 
islands, and on top of a limestone dome (Figure 2.1, Table 1.1).   
 
Figure 2.1  Map of monitoring stations in the southeastern Arabian Gulf 
(left) Map of Arabian Gulf and surrounding region with study area outlined.  Arrows indicate prevailing 
surface currents, adapted from Reynolds (1993).  (right) Close up of monitoring sites within the 
southeastern Arabian Gulf.  Red circles indicate monitoring station locations with coral assemblages X, Y 
and Z, differentiated by cluster analysis as described in results below.  Blue triangles indicate sites that had 
temperature recorders only. 
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The stations consisted of three replicate 10.0 m x 1.5 m belt transects oriented at 120° 
increments (Figure 2.2).  Each transect was permanently marked by stainless steel spikes 
cemented into the substrate.  Temporary lines, taughtly strung between the markers, 
served as guidelines for photo transects.  Annual transect photos were taken between Oct-
Nov in 2006, 2008 and 2009 and between Jul-Aug in 2007.  Logistics and weather 
conditions prevented certain sites from being monitored annually. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Monitoring station configuration 
Monitoring station consists of (i) a central settlement plate rack and (ii) three belt transects, oriented at 120 
degrees from each other. Inset: Installed rack with a temperature logger between the horizontal bars. 
 
HOBO temperature loggers, attached to a marker approximately 0.5 m above the benthos, 
recorded hourly seawater temperatures between September 2005 and November 2009.  
Loggers were deployed at thirteen sites with periodic retrieval and replacement.  
(Recorders were not deployed at Halul East or Hawksbill Reef.)  The longest consecutive 
data collection occurred at Makaseb, from Sep 2005 through April 2009.    
 
 
120°
120°
120°
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Image Analysis 
Digital images were taken along the belt transects using a rigid photo-framer (0.5 m x 
0.75 m footprint) that oriented the camera at normal incidence and at a fixed distance of 
50 cm above the benthos.  Forty images were joined into a single mosaic for each 10.0 m 
x 1.5 m belt transect.  Colonies were traced using Coral Point Count (CPCe) (Kohler and 
Gill 2006) and identified to genus.  CPCe calculated colony surface areas (planar view) 
based on the known area of the benthic view within the photo-framer.  Colony counts and 
surface areas for all transect images within a given year were pooled to provide coral 
densities and percent live coral cover. Massive colonies were grouped into five size-
dependent classifications, based on surface areas, to provide size frequency distributions 
(Table 2.1).   To determine the most appropriate groupings, size frequency distributions 
were compared for surface areas associated with radius increments of 1, 2, and 3 cm.  
The size class frequencies based on increments of 2 cm were normally distributed 
whereas those associated with r = 1 cm and r = 3 cm were skewed to the left and right, 
respectively.   
Table 2.1  Size-dependent classifications for massive coral colonies.   
Massive coral colonies were grouped into five size classes based on their measured 
surface areas and estimated radii (assuming circular colonies, A = πr2).   
 
Size Class Surface Area (cm
2
) Est. Radius (cm) 
1 <12.7 <2 
2 12.7-50.2 2-4 
3 50.3-113.0 4-6 
4 113.1-201.1 6-8 
5 >201.1 >8 
 
Coral Assemblages 
Post-disturbance coral assemblage distinctions followed the protocol used by Riegl 
(2002) in order to compare the results of this study to pre- and post-disturbance 
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assemblages near Dubai (Riegl 2002; Burt et al. 2008).  Data processing for classification 
and ordination included (i) fourth root transformation for the production of a Bray-Curtis 
similarity matrix; (ii) agglomerative, hierarchical cluster analysis using group average 
sorting; and (iii) non-metric multi-dimensional scaling (nMDS).  All multivariate 
analyses were implemented using PRIMER (Clarke & Gorley 2006).     
Acropora Community Profiles 
Repetitive monitoring provided surface areas for individual Acropora clathrata colonies 
between 2007 and 2009.   A linear regression of the changes in colony surface area 
between time(x) and time(x+1) produced a formula for annual Acropora growth rates 
during this disturbance-free period (n = 13, r
2 
= 0.883) (Figure 2.3):  
 
Surface area in year(x+1) = 2.503[surface area in year(x)] + 10.332 
 
 
Figure 2.3  Growth rate for Acropora clathrata at Ras Ghanada (2007-2009) 
Solid line:  linear regression to determine the surface area of an acroporid in year(x+1) based on the surface 
area of the same individual the previous year. 
 
 
 
 
 57 
The linear regression-based growth rate formula and previously published growth rates of 
5-10 cm/yr for Acropora clathrata in the Arabian Gulf (Riegl 2002; Riegl et al. 2009) 
were used to project the recovery of the current Acropora assemblages to pre-disturbance 
levels.  Projections are idealized forecasts that assume current parameters (e.g. 
environmental conditions, coral survival and growth rates) remain unchanged over time 
(Caswell 2001; Owen-Smith 2007).  The recovery projections were based on the 
following conditions: 
 
 “LR(7.5)” projections adhered to the linear regression formula until the growth 
rate reached 7.5 cm yr
-1
 (i.e. the mid-point of previously reported annual 
Acropora growth rates), then stayed at 7.5 cm yr
-1
 for the remainder of the 
projection period.  
 
 All acroporids that were repetitively monitored in this study grew from year to 
year.  This scenario is not likely to continue long-term as partial mortality is a 
normal component of coral population dynamics.  Thus, an alternative scenario is 
presented whereby the mean surface area reductions experienced by the massive 
corals within the same study area were applied to the acroporids (i.e. 40% of the 
acroporid colonies were chosen at random to lose 30% of their respective surface 
areas in a given year).   Additional data are needed to establish the actual partial 
mortality rates for the acroporid populations under normal, non-disturbance 
conditions.   
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 Recruitment varied spatially and temporally, with six recruits being the maximum 
recorded (Ras Ghanada, 2009).  Additional data are needed to determine the 
normal annual recruitment.  Projections were made for zero, two and six recruits 
per year.   
 
 The surface area of a new recruit was 47 cm2 (i.e. the mean surface area for 2008-
2009 recruits measured in this study).    
 
Such idealized projections assume that no disturbances impact the acroporid 
communities, which is a “best case scenario” to determine the length of time required for 
acroporids to reach the pre-disturbance area cover of 40-90% (Riegl 2002, 2003).    For 
comparison, alternative scenarios are presented whereby 90% of the acroporids, chosen at 
random, suffer mass mortality in year 16 (i.e. the midpoint between the 15-17 year 
disturbance interval for the region) (Riegl & Purkis 2009). 
Results 
Environmental Setting 
Hourly temperature profiles from individual sites were pooled to provide mean 
temperature profiles for the region (Figure 2.4);   (i) the normal annual temperature range 
was 16.5°C to 35.0°C, (ii) spring warming and autumn cooling rates were uniform across 
the region, ranging between 0.09-0.13°C/day and 0.10-0.15°C/day, respectively, and (iii) 
the mean daily temperature range was <2.5°C.    The prominent benthic taxa in these 
environments were hard corals, crustose coralline algae, encrusting sponges and oysters. 
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The coral communities did not experience mass mortalities during this study, indicating 
acclimatization to the lower and upper temperature limits described above.  In July-
August 2007, when water temperatures were 32-35°C, a few individual coral colonies did 
exhibit signs of minor bleaching and yellow-band disease. (Yellow-band was only 
observed on Porites spp.)  Subsequent visits in November 2007 revealed that (i) bleached 
corals had returned to normal coloration without mortality, and (ii) disease resulted in 
mortality of affected polyps while the remainder of the colony survived.  
 
Figure 2.4   Regional Daily Mean Temperature Profiles (2005-2009) 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day, averaged 
across ten sites.  Upper horizontal line indicates the normal summer (June 21 – September 20) maximum 
temperatures.  Lower horizontal line indicates the normal winter (December 21 – March 20) minimum 
temperatures.   
 
Coral Assemblages 
Cluster analysis differentiated three assemblages (designated X, Y and Z) of variable 
massive coral cover within the southeastern Arabian Gulf (Figures 2.5-2.6, Table 2.2).   
15
20
25
30
35
40
9/21/2005 9/21/2006 9/21/2007 9/20/2008 9/20/2009
T
e
m
p
e
ra
tu
re
 (
d
e
g
 C
)
16.5°C
35°C
 60 
 
X: This assemblage encompassed five sites near Abu Dhabi islands (Makaseb, Yasat, 
Bu Tinah, Al Hiel) that were sparsely populated with Porites harrisoni and other 
massive corals. Porites, Favia/Favites and Platygyra were the predominant 
genera.  Subordinate genera included Cyphastrea, Leptastrea and Siderastrea.  
Live acroporids were not observed within these sites; however, consolidated 
rubble indicated that acroporids had existed at these sites at one time. 
 
Y: This assemblage encompassed two sites near Halul Island, Qatar that were 
sparsely populated with massive species and tabular colonies of Acropora 
clathrata.  Porites, Favia/Favites and Platygyra were the predominant massive 
genera.  Subordinate massive genera included Coscinaria, Cyphastrea, Leptastrea 
and Siderastrea.  Acropora comprised 26-55% of the live coral cover (i.e. 1.0 – 
2.0% of the total area cover).  
 
Z:  This assemblage encompassed three coastal sites near Abu Dhabi (Ras Ghanada, 
Saadiyat, Dhabiya), one site near Delma Island, and one site situated on top of a 
limestone dome (Hawksbill Reef).  Assemblage Z was moderately populated with 
Porites harrisoni and other massive species and sparsely populated with two 
species of Acropora.  Porites, Favia/Favites and Platygyra were the predominant 
massive genera.  Subordinate massive genera included Coscinaria, Cyphastrea, 
Leptastrea, Siderastrea and Turbinaria.  Acropora was observed at all sites, 
except Hawksbill Reef, and comprised <8% of the live coral cover (i.e. <2.2% of 
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the total area cover).  Acanthastrea was observed in Ras Ghanada outside of the 
transect belts and, therefore, was not included within the assemblage descriptions.  
Four genera (Plesiastrea, Psammocora, Pseudosiderastrea, and Stylophora spp.) 
that were inventoried around Dubai before and after the ETAs (Riegl 1999, Burt 
et al. 2008) and which have been observed near Ras Ghanada and Saadiyat (Riegl 
pers. comm.) were not recorded within the monitoring stations.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5  Massive coral assemblage analyses by cluster analysis and non-metric multi-dimensional 
scaling (nMDS) 
(upper) Bray-Curtis Similarity cluster analysis depicting three assemblages.  (lower) nMDS graphic 
representation with ovals around assemblages identified by dendrogram.  Solid circles indicate groups with 
>58% similarity between sites.  Dotted circles indicate subgroups with ~80% similarity. 
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Assemblage X Assemblage Y Assemblage Z 
 
 
Figure 2.6  Fractional areas and densities of massive corals  
Assemblages determined by cluster analysis.  Size classes are shown from smallest (left) to largest (right).  POR = 
Porites; FAV = faviids; Tot = Total massive corals 
 
 
Table 2.2 Biological characteristics of coral assemblages 
Assemblage descriptions summarize the spatially dominant corals. Dominant taxa are those with the 
highest density and area cover. Acroporids are those species observed within the assemblage study area.  
Cov is the percent coral area cover (mean ±SE). Den is the coral density in colonies per m
2 
(mean ±SE).  
Gen is the number of coral genera. 
 
Assemblage Description Dominant Taxa Acroporids Cov Den Gen 
X:  Sparse Porites harrisoni assemblage 
intermingled with other massive species 
Porites harrisoni none 
observed 
4.6 
±1.6 
3.9 
±1.0 
7 
Y:  Sparse mixed assemblage of Porites 
spp., Acropora spp., faviids and 
siderastreids  
None, mixed group A. clathrata 3.7 
±2.7 
5.3 
±3.1 
9 
Z:  Porites harrisoni assemblage, 
sometimes with other Porites, massives and 
acroporids 
Porites harrisoni A. clathrata,  
A. arabensis 
36.2 
±8.3 
17.2 
±5.2 
10 
 
 
Acropora Community Profiles 
Projections for Acropora to attain pre-disturbance levels of 40–90% area cover (Riegl 
1999, 2002) varied depending on the growth rate, partial mortality and annual recruitment 
(Figures 2.7-2.8).  In the idealized situations of positive growth only, the current 
Assemblage Y and Z populations will require 15 - 32 years to recover from the 2002 
ETA and achieve the pre-disturbance area cover of ≥40%.   This timeframe coincides 
with other coral regeneration estimates of 10-30 years (e.g. Connell 1997; Ninio et al. 
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2000; Bruno & Selig 2007).  However, the typical period between mass Acropora 
mortality events in the Arabian Gulf is 15-17 years (Riegl 1999; Riegl & Purkis 2009).  
Unless two or more recruits are added to the Y population and six or more recruits are 
added to the Z population each year, regeneration times will exceed the typical 
disturbance frequency.  When growth-limiting factors such as partial mortality are 
considered, regeneration times will be further delayed.   
 
 
 
 
Figure 2.7  Disturbance-free projections for recovery and colonization of Acropora (Y Assemblage) 
(a-c) Projections include negative growth rates for acroporids similar to those for massive corals in the 
region (i.e. 40% of the population undergo a 30% loss in surface area).  (d-f)  Projections are idealized 
situations that do not include growth-limiting factors.  
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Figure 2.8  Disturbance-free projections for recovery and colonization of Acropora (Z Assemblage)  
(a-c) Projections include negative growth rates for acroporids similar to those for massive corals in the 
region (i.e. 40% of the population undergo a 30% loss in surface area).  (d-f)  Projections are idealized 
situations that do not include growth-limiting factors.  
 
 
To show the impact of periodic mass mortality on acroporid recovery, the projections 
were recalculated for both assemblages (Figures 2.9-2.10) for alternative scenarios in 
which 90% of the acroporids die during year 16 (i.e. the midpoint between the 15-17 year 
disturbance interval for the region) (Riegl & Purkis 2009).  A mass mortality event of 
such magnitude would cause the acroporid area covers to return to those observed after 
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the 1996, 1998 and 2002 ETAs; thus, restarting the recovery cycle.  Factors such as high 
annual recruitment, low partial mortality in non-disturbance years, and an extended 
interval between mass mortality events (i.e. greater than the average 15-17 year interval 
for the region).would be necessary for acroporids to regain predominance in Assemblages 
Y and Z. 
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Figure 2.9  Alternative projections for Acropora recovery and colonization including a mass 
mortality event (Assemblage Y) 
Alternative scenarios include death of 90% of acroporids in 2018 (i.e. 16 years after the 2002 ETA). (a-c) 
Projections include negative growth rates for acroporids similar to those for massive corals in the region 
(i.e. 40% of the population undergo a 30% loss in surface area).  (d-f)  Projections are idealized situations 
that do not include growth-limiting factors other than the mass mortality event.  
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Figure 2.10  Alternative projections for Acropora recovery and colonization including a mass 
mortality event (Assemblage Z) 
Alternative scenarios include death of 90% of acroporids in 2018 (i.e. 16 years after the 2002 ETA). (a-c) 
Projections include negative growth rates for acroporids similar to those for massive corals in the region 
(i.e. 40% of the population undergo a 30% loss in surface area).  (d-f)  Projections are idealized situations 
that do not include growth-limiting factors other than the mass mortality event.  
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Discussion 
Coral assemblages in the southeastern Arabian Gulf 
A census conducted in the spring of 1996 characterized the southeastern Arabian Gulf 
coral communities into five well-separated coral assemblages: (i)  “A”, a Porites lutea 
assemblage intermingled with other Porites and massive species; (ii) “B”, a dense 
Acropora assemblage overtopping subordinate massive corals; (iii) “C”, a faviid 
assemblage; (iv) “D”, a siderastreid assemblage; and (v) “E”, a Porites harrisoni 
assemblage intermingled with other massive species (Riegl 1999, 2001, 2002, 2003).  
The acroporid populations in Assemblage B suffered mass mortality during the ETA that 
occurred in the summer of 1996 while the massive coral taxa throughout the region 
experienced negligible effects during this event and the subsequent anomalies in 1998 
and 2002 (Riegl 1999, 2002).  Post-disturbance studies conducted in 2006-2009 (Burt et 
al. 2008; this study) describe massive coral assemblages that are compositionally similar 
to the original A, C, and E Assemblages (Figure 2.11), indicating that the massive taxa 
groups remained relatively unchanged after the three ETAs.  However, the extensive loss 
of Acropora in 1996 resulted in the fragmentation of Assemblage B into four separate 
groups in various stages of acroporid recovery; Assemblages X and Y near Abu Dhabi 
and Qatar, respectively, (this study) and Assemblages 1 and 3 near Dubai (Burt et al. 
2008).  The fifth of the original assemblages, D, was not observed in the post-disturbance 
studies.  
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Figure 2.11   Pre- and post-disturbance coral assemblages 
Solid arrows link comparable pre- and post-disturbance assemblages.  Dotted arrows link post-disturbance 
assemblages that are in various stages of recovery to the pre-disturbance assemblage. n/o = not observed. 
A
Sparse Porites lutea assemblage 
intermingled with other Porites
and massive species;
10-51% area cover
E
Porites harrisoni assemblage 
intermingled with other massive 
species; 49-53% area cover
D
Siderastreid assemblage;
7-21% area cover
C
Faviid assemblage;
12-20% area cover
B
Dense Acropora assemblage 
overtopping subordinate massive 
corals; 32-86% area cover
Pre-disturbance
Dubai 
(Riegl 2002)
Post-disturbance
Dubai
(Burt et al. 2008)
Post-disturbance
Abu Dhabi, Qatar
(This study)
2
Sparse Porites 
lutea; 7-8% area 
cover
1
Porites 
assemblage with 
Acropora rubble; 
24-48% area 
cover
3
Acropora 
assemblage; 39-
44% area cover
5
Sparse massive 
faviids and 
Porites; 33-37% 
area cover
4
Porites harrisoni; 
35-40% area 
cover
X
Sparse Porites harrisoni, 
assemblage intermingled 
with other massives; 
1-12% area cover
Z
Porites harrisoni
assemblage, sometimes 
with other  Porites, 
massives and Acropora; 
17-62% area cover
Y
Sparse mixed 
assemblage of Porites, 
Acropora, faviids, other 
massives;
2-9% area cover
n/o
n/o
n/on/o
 69 
Assemblage X is a sparsely populated Porites harrisoni community intermingled with 
other massive corals.  The presence of consolidated acroporid rubble indicates that these 
sites were previously suitable habitat for Acropora, although no live acroporids currently 
exist.  Together, the low area cover of massive taxa, the predominance of small colonies 
(Figure 2.6), and the prior existence of Acropora indicate that these sites had been 
compositionally similar to those described as Assemblage B prior to the 1996 
disturbance.   The absence of acroporids seven years after the third ETA in 2002 suggests 
a possible local extirpation of acroporids and a phase-shift in coral dominance to poritids 
and, to a lesser extent, faviids.  The Assemblage X sites are located in the southwestern 
corner of the region (Figure 2.1), which likely puts them outside the prevailing surface 
current that can transport competent coral larvae from upstream sources (reviewed in 
Harrison and Wallace 1990; Harrison 2011). Perhaps the multitude of conditions required 
to reseed this group (e.g. circulation patterns shifted further southwest, an upstream 
spawning event, and environmental conditions conducive to larval survival and 
successful settlement) have not happened concurrently since the mass mortality event.  
The present coral area cover is low (2-12%) and is expected to remain low for many 
years due to the slow growth rates of the massive taxa, leaving substrate available for 
future acroporid recruits should the conditions become suitable for recolonization.   
 
Assemblage Y is a sparsely populated mixed community of Porites, Acropora, faviids 
and other massive corals.  The massive coral population resembles that found in 
Assemblage X and is, therefore, compositionally similar to the understory described as 
part of Assemblage B prior to the 1996 disturbance.  One aspect which separates 
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Assemblages X and Y is the presence of eleven Acropora clathrata colonies in the latter 
group.  The Assemblage Y sites are located in the northwestern part of the region (Figure 
2.1), which puts them in the midst of the prevailing surface current that can transport 
competent coral larvae from Iran, Saudi Arabia or Kuwait (Harrison 1995).  Assemblage 
Y is in the early stages of recovery, with acroporids comprising 1–2% of the total area 
cover.  Projections indicate that recovery of Assemblage Y acroporids to the ≥40% pre-
disturbance area cover will require at least 15 years, provided that the current 
environmental conditions and coral growth rates remain unchanged.  However, when 
growth-limiting factors such as partial mortality are considered, recovery times may 
double.   Even under idealized conditions, the recovery periods within Assemblage Y 
meet or exceed the typical 15-17 year disturbance cycle in the Arabian Gulf (Riegl 1999; 
Riegl & Purkis 2009).    
 
Unlike Assemblages X and Y, the third group characterized in this study does not 
resemble a fragmentation of the pre-disturbance Assemblage B.  Assemblage Z is a 
moderately populated community of Porites harrisoni intermingled with other massive 
species.  The massive coral population is compositionally similar to that described as 
Assemblage E (Riegl 1999, 2002)) prior to the 1996 disturbance.  In addition to massive 
taxa, acroporids have been observed at four of the five Assemblage Z sites (the fifth site, 
Hawksbill Reef, is a monospecific stand of P. harrisoni) whereas acroporids were not 
included in the Assemblage E description.  The Assemblage Z sites are distributed across 
the southern part of the region with Delma and Hawksbill in the west and Dhabiya, 
Saadiyat, and Ras Ghanada in the east (Figure 2.1).  The presence of six and sixteen 
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acroporid colonies at Delma and Ras Ghanada, respectively, compared to the single 
colonies at Dhabiya and Saadiyat and the absence of acroporids at Hawksbill indicates 
that recruitment within this assemblage does not follow a west-east geographic gradient 
(i.e. the direction of the prevailing surface current), but may perhaps be influenced by 
meanders in the eastward current that occur from time to time.  Under idealized 
conditions (i.e. no growth-limiting factors), the current acroporid community could 
achieve ≥40% area cover after a 17+ year recovery period (Figure 2.8e) such that 
Assemblage Z would become compositionally similar to the pre-disturbance Assemblage 
B (i.e. acroporids become competitively dominant and overtop subordinate massive 
corals).   However, more realistic scenarios that include partial mortality (Fig 2.8a-c) 
indicate that heavy recruitment (i.e. more than six recruits each year) would be necessary 
for the acroporid area cover to exceed 25% within the same timeframe; thus acroporids 
are likely to remain subordinate to P. harrisoni and the other massive species within 
Assemblage Z.  
 
Acroporid recovery in Abu Dhabi and Qatar has differed considerably from that in the 
adjacent waters of Dubai.  Burt et al. (2008) described the recovering acroporid 
communities in Dubai as follows: 
 
 Assemblage 1 - a moderately populated Porites lutea community intermingled 
with small massive corals, few live Acropora colonies, and extensive acroporid 
rubble.   
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 Assemblage 3 - a moderately populated Acropora community within which 
tabular colonies comprised one-third of the 42% live coral cover. 
 
Juvenile acroporid colonies (15-20 cm radii) were observed among both assemblages, 
indicating post-disturbance recruitment (Burt et al. 2008).   The presence of large 
Acropora colonies (50-75 cm radii) among both assemblages (Burt et al. 2008) 
indicates that certain individuals survived the 2002 ETA and possibly the preceding 
event(s).  The Dubai acroporids were larger than those found near Abu Dhabi and 
Qatar which suggests differential survival/growth patterns within the region.  Such 
differences had previously been noted when healthy pockets of Acropora were 
observed in 1999 both upstream and downstream of the areas near Dubai that had 
been affected by the mass mortality event (Riegl 2002).  It was speculated that 
surviving areas, such as the one reported upstream of the damaged Dubai sites near 
Deira, have helped to repopulate both Dubai assemblages (Burt et al. 2008).  
Assemblage 1 was reported to be in an early stage of recovery, though it is likely 
further along the recovery trajectory than Assemblage Y near Qatar based on the 
larger colony sizes within the former group.  The broad size distribution and 
dominance of the acroporids within Assemblage 3 indicated that this group was 
approaching full recovery faster than all other assemblages described herein. 
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Gradual re-emergence of missing Acropora species 
Prior to the mass mortality, the acroporid population was comprised of Acropora 
clathrata and seven other subordinate species (Table 2.3).  After the disturbance, only A. 
clathrata colonies were reported to have survived as rare individuals among the 
Assemblage B sites and also in isolated healthy pockets (e.g. near the Deira Corniche, 75 
km west (downstream) of Abu Dhabi and 30 km east (upstream) of Dubai) (Riegl 1999, 
2002) whereas the other Acropora species were completely eliminated.  After a 10+ year 
recovery period, three of the “lost” species have been observed in the southeastern 
Arabian Gulf. A. valenciennesi and A. pharaonis were reported as common and 
uncommon, respectively, near Dubai (Burt et al. 2008), and a single colony of A. 
arabensis has been observed at the Saadiyat site near Abu Dhabi (this study) along with 
several others in the vicinity between Ras Ghanada and Saadiyat (Riegl pers. comm.).   
Similar rediscoveries of corals that were presumed lost after mass mortality events have 
been reported elsewhere (e.g. Millepora boschmai after a 9+ year absence in Panama 
(Glynn & Feingold 1992)).  The reappearance of three Acropora species indicates that, 
similar to A. clathrata, these acroporids survived elsewhere in the Gulf in sufficient 
quantities to reproduce and function as distant larval sources that are reseeding remote 
locations (Harrison 1995, 2011).  Such rediscoveries caution against premature 
conclusions, even a decade after a disturbance, that a species has been permanently 
extirpated from the region and provides hope that the four Acropora species that remain 
missing may be found during future surveys. 
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Table 2.3 Acropora species inventoried pre- and post-disturbance 
Sources:  *Riegl (1999), + Burt et al. (2008), ** This study 
 
 
Pre-Disturbance 
(1996)* 
Dubai 
Post-Disturbance 
(1996)* 
Dubai 
Post-Disturbance (2006)+ 
Dubai 
Post-Disturbance 
(2006-2009)** 
Abu Dhabi, Qatar 
A. clathrata 
A. valenciennesi 
A. pharaonis 
A. arabensis 
A. horrida 
A. florida 
A. valida 
A. tenuis 
A. clathrata  
-- 
-- 
-- 
-- 
-- 
-- 
-- 
A. clathrata  
A. valenciennesi 
A. pharaonis (uncommon) 
-- 
-- 
-- 
-- 
-- 
A. clathrata 
-- 
-- 
A. arabensis (rare) 
-- 
-- 
-- 
-- 
 
Connectivity is Key 
Riegl & Purkis (2009) modeled coral community responses to mass mortality events and 
found that Acropora survival following such disturbances was possible only if one or 
more stable and sufficiently sizeable populations survived to become larval donors for the 
impacted populations.  The results of this study provide a real-world example that 
supports their model.  Because the Acropora populations near Qatar and Abu Dhabi are 
too small in size and number to be self-seeding, these sites are dependent upon larval 
supplies from distant upstream refuges.  This connectivity reinforces the necessity for 
multi-national cooperation to protect coral species.  In the Arabian Gulf, stressors that 
affect Acropora in Iran, Saudi Arabia and Kuwait (Carpenter et al. 1997) can have a 
direct impact on the ability of coral communities in Qatar and the United Arab Emirates 
to recover following a mass mortality event.   
 
Projections for Acropora recovery and colonization in the Y and Z Assemblages 
demonstrate the importance of continuous annual recruitment (Figures 2.7-2.8).  The 
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acroporid community near Halul, Qatar (Assemblage Y) is growing and may soon 
become large enough to self-seed: nine of the eleven colonies have diameters greater than 
6.25 cm, the size beyond which Acropora are generally reproductive (Hall & Hughes 
1996).  Among the five Z sites, only Delma and Ras Ghanada had multiple Acropora 
colonies; however, each had just two individuals that were large enough to be 
reproductive. The remaining juveniles could reach the typical size for sexual maturity 
within 1-2 years and may then become capable of self-seeding.  Until each local 
community can develop its own self-seeding population, recruitment from connected 
larval sources shall remain critical. 
 
Conclusions 
The acroporid population in the southeastern Arabian Gulf suffered mass mortality 
during the elevated temperature anomaly that occurred in the summer of 1996.   Post-
disturbance studies have found that the assemblages which suffered extensive Acropora 
losses were in at least four different stages of acroporid recovery (Burt et al. 2008; this 
study) due largely to the degree of reseeding from upstream refuges that survived the 
mass mortality event (e.g. near Deira, upstream of Dubai (Riegl 2002); unidentified 
regions upstream of Qatar and Abu Dhabi monitoring stations (this study)).  Acroporid 
recovery and colonization projections indicate that a disturbance-free period of 15-32 
years is required to attain pre-1996 Acropora abundance levels.  However, mass 
Acropora mortality events have been occurring at roughly 15-17 year cycles in the 
Arabian Gulf (Riegl 1999; Riegl & Purkis 2009) and may occur more frequently as a 
result of climate change (Sheppard 2003).  It is possible, and perhaps likely, that 
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acroporids shall experience continual changes in population structure due to persistent 
cycles of regeneration and mass mortality and that larval refuges shall play an 
increasingly important role in re-seeding impacted sites.  It is recommended that multi-
national efforts be put forth to identify these refuges, establish the connectivity between 
coral communities, and institute appropriate management and conservation programs. 
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Chapter 3 :  SHIFTS IN CORAL COMMUNITY STRUCTURES FOLLOWING CYCLONE AND 
RED TIDE DISTURBANCES WITHIIN THE GULF OF OMAN (UNITED ARAB EMIRATES)  
 
Introduction 
The eastern coast of the United Arab Emirates (UAE) extends approximately 90 km 
along the Gulf of Oman.  The coral communities are isolated areas, surrounded by large 
extents of unconsolidated sediment, which have formed on shore-parallel terraces (e.g. 
Mirbah Reef), massive coral gardens (e.g. Dibba South) and rock outcroppings (e.g. 
Dibba Rock).  The coral assemblages are comprised of 107 scleractinian species with 
typical coral cover in the range of 30-40% at depths of 4-12 m (Rezai et al. 2004).  Water 
temperatures range between 22-31°C, with summer temperatures that can fluctuate the 
extent of this range within a single day due to the rise and fall of a strong thermocline 
(Rezai et al. 2004).   The thermocline forms around 5-10 m depth, between the heated 
surface and cool upwelling waters.  Similar small-scale, localized upwellings in other 
regions have been reported to create refugia that afford corals protection from 
temperature-induced bleaching (Riegl & Piller 2003).    
 
Rezai et al. (2004) reported that the condition of the Gulf of Oman corals did not change 
significantly between 1994 and 2004.  During October 2006 site evaluations, the coral 
communities of Mirbah Reef and Dibba Rock appeared healthy.  No conspicuous signs of 
bleaching, disease, predation, or physical damage were detected.  Massive colonies of 
Platygyra spp. and tabular colonies of Acropora clathrata were observed with diameters 
as large as 70-80 cm and 200-300 cm, respectively.  Based on annual growth rates of 1.0-
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1.5 cm for massive taxa and 5-10 cm for A. clathrata in the adjacent Arabian Gulf (Riegl 
2002; Riegl et al. 2009), these Gulf of Oman colonies were estimated to be 10-40 years 
old.  The observed conditions and sizes of the massive and branching corals indicate a 
period of at least 12 years (i.e. 1994 observations by Rezai et al. (2004)), and possibly as 
long as 40 years, during which these coral communities were not significantly impacted 
by any disturbance events that may have occurred.    
 
Between 2007 and 2009, the Gulf of Oman corals were exposed to two consecutive 
natural disturbances.  In June 2007 Cyclone Gonu, the strongest storm since regional 
record keeping began in 1945, battered the Arabian Peninsula with reported waves >10 
m.  Physical damage to corals varied considerably between sites, depending primarily on 
colony morphology (Foster et al. 2009).  Surviving corals were subsequently exposed to 
a prolonged Cochlodinium polykrikoides harmful algal bloom (HAB) that persisted from 
August 2008 to May 2009 (Marquis & Trick 2009, Richlen et al. 2010).  Phytoplankton 
blooms are not uncommon in the Gulf of Oman region; over 60 events have been 
recorded since 1976.  This 2008-2009 HAB was unusual for two reasons; (i) its nine-
month duration was prolonged compared to historical red tide events, which typically 
dissipated within 1-2 months, and (ii) it is believed to be the first episode associated with 
Cochlodinium (Richlen et al. 2010).  Previous red tides and fish kills were attributed to 
other dinoflagellates including Noctiluca scintillans, Karenia selliformis, Dinophysis 
spp., Gonyaulax sp., Trichodesmium sp., Ceratium spp., Pleurosigma sp., Prorocentrum 
arabianum, and Gymnodinium sp. (Heil et al. 2001; Morton et al. 2002; Thangaraja et al. 
2007; Richlen et al. 2010).    
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This study describes the coral communities at four monitoring stations installed offshore 
Fujairah and Dibba, UAE (Figure 3.1): (i) in August 2007, two months after Gonu; (ii) in 
November 2008 during the HAB, after the corals had been exposed to this disturbance for 
the previous three months, and (iii) in November 2009, six months after the red tide had 
dispersed.  The shifts in coral community structures, resulting from two consecutive 
natural disturbances of within the Gulf of Oman, are described herein.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1  Gulf of Oman (UAE) monitoring station locations 
DR = Dibba Rock, DS = Dibba South, MN = Mirbah North, MS = Mirbah South 
 
Methods 
Monitoring Stations 
Monitoring site locations were selected in October 2006, and extensive underwater 
videos were taken at the time.  Four monitoring stations were installed in August 2007, 
two months after Gonu.  Dibba Rock (DR), the northernmost site, is located shoreward of 
a rock island within a marine protected area.  Dibba South (DS), Mirbah North (MN) and 
Mirbah South (MS) are located 5 km, 35 km and 37 km south of the marine protected 
area, respectively.  The benthic communities are comprised primarily of hard corals, 
crustose coralline algae and encrusting sponges.  Gorgonians and massive sponges are 
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noticeably scarce or absent in these locations.  Depths at DR, DS and both Mirbah sites 
are 5.0-7.5 m, 6.5-8.0 m, and 2.5-4.0 m, respectively.   
 
The monitoring stations consisted of three replicate 10.0 m x 1.5 m belt transects oriented 
at 120° increments, similar to those used in the southeastern Arabian Gulf (Figure 2.2).  
A 1.0 m tall settlement plate rack served as the center point for each of the transects    
The end point of each transect was permanently marked by a 0.5 m stainless steel spike 
cemented into the substrate.  Temporary lines, taughtly strung from the center marker to 
each of the end markers, served as guidelines for the photo transects.  
 
HOBO temperature loggers, attached to the center markers approximately 0.5 m above 
the benthos, recorded hourly water temperatures.  Two-tailed paired sample t-tests 
(α=0.05) were used to determine whether benthic temperature profiles varied 
significantly between the August-November timeframes in 2007 and in 2008. 
 
Image and Data Analysis 
Digital images were taken along the transects in August 2007, November 2008 and 
November 2009 using a rigid photo-framer that oriented the camera at normal incidence 
and at a fixed distance of 50 cm above the benthos.  Images were joined into a single 
mosaic for each belt transect.  Colonies were traced using Coral Point Count (CPCe) 
(Kohler & Gill 2006), identified to genus, and coded as alive or dead (Figure 3.2).  CPCe 
calculated colony surface areas (planar view) based on the known area of the benthic 
view within the photo-framer.  The data for all transect images within a given year were 
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pooled to provide percent live coral cover and recent mortality estimates at each 
monitoring station.  Colony counts within the transects were used to determine coral 
densities and mean colony sizes. Colonies were grouped into five classes to provide size 
frequency distributions.  The size-dependent classifications were based on surface areas, 
as described in the preceding chapters of this dissertation (i.e. surface areas groups were 
based on corresponding radii, assuming circular colonies with Area = πr2) (Figure 1.9, 
Table 2.1).   
 
Acr Live SidPlatAcr Dead Fav
b c da
 
Figure 3.2   Sections of  transect photo mosaics showing change in coral community structure 
Partial mosaics from a Mirbah North transect showing Acropora spp. (live and dead), Platygyra spp., 
Siderastrea spp., and Favia/Favites spp. in (a) the actual photo mosaic from 2007 and (b-d) the color coded 
representations of the same transect section in 2007, 2008 and 2009, respectively.  The change in coral 
community structure, primarily due to the loss of Acropora spp., can be seen over time; (b) two months 
following Cyclone Gonu, (c) three months into the HAB, and (d) six months after the termination of the red 
HAB   
 
Post-Gonu data (2007) were used to estimate the pre-disturbance (2006) live coral cover.  
Coral fragments were pooled with live and overturned colonies to approximate live coral 
cover prior to the storm.  Because coral communities do not exist in close proximity to 
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each other in this region, it was assumed that any rubble observed within a given site was 
generated at that site.   
 
Size Class Transition Models 
Whole, massive colonies observed during consecutive visits were used to develop size 
class transition probability matrices (Babcock 1991; Caswell 2001; Owen-Smith 2007).  
Colonies were grouped into the five size-dependent classifications and the annual 
probabilities that corals would remain in the same size class, shrink or grow into other 
size classes, undergo fission (i.e. one colony regresses into multiple ramets), fuse (i.e. 
two or more colonies grow together to become indistinguishable as separate colonies) or 
die were compiled.  The dominant eigenvalues (i.e. the growth rate of the size class-
structured population) for the transition matrices were calculated using PopTools add-in 
for Excel.   The dominant eigenvalue, λ, was used to project the state of the coral 
population:  (i) for λ > 1, the population is growing; (ii) for λ = 1, the population is stable; 
and (iii) for λ <1, the population is declining. 
 
Recruitment may be factored into the model either by (i) including a measure of 
fecundity in the first row of the transition matrix or (ii) adding recruitment to the annual 
matrix results in the form of a state vector. However, many of the recruitment 
characteristics for the predominant southeastern Arabian Gulf coral species (e.g. 
fecundities, larval settlement from local versus remote sources) are currently unknown.  
Therefore, to simplify calculations, recruitment was included within the matrices 
assuming proportional fecundity among the larger size classes (i.e. SC 1 colonies were 
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assumed to be non-reproductive) and populations were assumed to be closed (i.e. self-
seeding populations).  Proportional fecundity was assigned to size class 2-5 colonies 
based on surface areas (e.g. a 100 cm
2
 colony would be 10x more likely to generate a 
successful recruit than a 10 cm
2
 colony, assuming the same number of polyps per cm
2
 
and the same fecundity per polyp for each colony).  This method balanced the year(x) and 
year(x+1) population numbers during the sampling period. 
 
Results 
Varying trends of percent coral cover, coral density (individual per m
2
), average colony 
size (cm
2
), and class transition probability matrices were used to describe unique 
outcomes at each of the four monitoring sites.  Following are descriptions of these 
differing outcomes based on the taxa- and site-specific responses to the cyclone and HAB 
disturbances. 
 
Dibba Rock (DR) 
DR Coral Demographics 
October 2006 (pre-disturbance):  The coral community was a nearly monospecific stand 
of Pocillopora damicornis with occasional colonies of Acropora spp. and massives from 
six genera (Favia, Favites, Porites, Platygyra, Leptastrea and Siderastrea spp.).  The 
estimated pre-disturbance live coral cover was 96.4%, comprised of 94.2% P. 
damicornis, 1.9% Acropora spp., and 0.3% massives.  Changes in the DR coral 
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community structure between 2006 and 2009 are illustrated in Figure 3.3 and quantified 
in Figures 3.4A and 3.5A.   
 
Figure 3.3  Changes in Pocillopora damicornis community at Dibba Rock (2006-2009) 
(A) Undisturbed reef in 2006; (B) Some colonies were damaged by Gonu in 2007, but most remained 
intact; (C) All colonies were dead after three months into the 2008-09 HAB red tide; (D)  Skeletons were 
covered in crustose coralline algae, and many had eroded into fragments. 
 
August 2007 (2 months post-Gonu):  Live coral cover within the DR transects was 
45.2%, roughly half the estimated pre-disturbance cover.  P. damicornis remained 
dominant (43.8%) though greatly reduced.  Small contributors included Acropora spp. 
(1.1%), and massive colonies (0.3%).  Rubble (i.e. fragmented branches lacking live 
tissue and overturned colonies) covered 51.3% of the area within the transects and 
consisted of P. damicornis (50.4%), Acropora spp. (0.8%), and massive colonies 
(<0.1%).  Except for a single overturned colony, massive corals showed no signs of 
physical damage from Gonu.  Coral density was 40.9 colonies/fragments per m
2
.  Mean 
colony sizes were 108 cm
2
, 319 cm
2
 and 93 cm
2
 for P. damicornis, Acropora spp., and 
massive colonies, respectively.       
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Figure 3.4  Coral area covers (2007-2009) 
Mass = Massive coral colonies, Acr = Acroporids, Poc = Pocilloporids, Rub = Rubble; Dead = Recently 
dead, upright and intact colonies. (A-D) Rubble in 2007 includes fragmented and overturned pocilloporid, 
acroporid and massive corals following Gonu.  (A)  In 2008 and 2009, dead colonies were Pocillopora 
damicornis.  (B)  Massive colonies appeared generally unperturbed by both disturbances. Difference in live 
coral cover during 2009 was the result of slightly offset transect placements. (C) In 2008, dead colonies 
were Acropora spp. with partial and whole colony mortality.  (D)  In 2009, MS experienced a third, 
localized disturbance of unknown origin that severely damaged the site.  
 
  
 
 
 
Figure 3.5  Size frequency distributions of the dominant taxa (2007-2009) 
Classes are ranked from smallest (Class 1) to largest (Class 5).  (A) Size frequencies in 2007 represent live 
Pocillopora damicornis colonies following Gonu.  In 2008* and 2009*, the size frequencies represent the 
dead P. damicornis colonies that remained upright and in place during and after the red tide event, 
respectively.   (B-D) Size frequencies of massive taxa colonies.  
0.72% Mass
0.43% Poc 
0%
20%
40%
60%
80%
2007 2008 2009
D.  Mirbah South
0.18% Acr
0.02% Poc
0.05% Acr
0%
10%
20%
30%
2007 2008 2009
Mass Acr Poc Rub Dead
0.18% Acr
0.02% Poc
0.05% Acr
0%
10%
20%
30%
2007 2008 2009
B. Dibba South
0.09% Mass
0.27% Mass
0.11% Mass 
1.07% Acr 
0%
25%
50%
75%
100%
2007 2008 2009
%
 A
re
a
 C
o
v
er
A. Dibba Rock
0.41% Dead
0.02% Poc
0%
10%
20%
30%
40%
2007 2008 2009
%
 A
re
a
 C
o
v
er
0.23% Acr
0.04% Acr
C.  Mirbah North
%
 A
re
a
 C
o
v
er
%
 A
re
a
 C
o
v
er
0
2
4
6
8
10
2007 2008* 2009*
C
o
lo
n
y
 D
e
n
si
ty
 p
e
r
 m
2
A. Dibba Rock - P. damicornis
0.0
0.5
1.0
1.5
2.0
2.5
2007 2008 2009
Class 1 Class 2 Class 3 Class 4 Class 5
0.0
0.5
1.0
1.5
2.0
2.5
2007 2008 2009
B. Dibba South - Massives
0.0
0.5
1.0
1.5
2.0
2.5
2007 2008 2009
C
o
lo
n
y
 D
e
n
si
ty
 p
e
r
 m
2
C. Mirbah North - Massives
0.0
0.5
1.0
1.5
2.0
2.5
2007 2008 2009
D. Mirbah South - Massives
C
o
lo
n
y
 D
e
n
si
ty
 p
e
r
 m
2
C
o
lo
n
y
 D
e
n
si
ty
 p
e
r
 m
2
 86 
 
November 2008 (3 months into HAB):  Live coral cover fell to 0.1%.  P. damicornis 
mortality was 100%; skeletons were white to light yellow, indicative of recent mortality 
(Figure 3.3C).  Areal cover of intact (dead) pocilloporid framework was 54.5% (~10% 
higher than post-Gonu in August 2007), suggesting post-storm recovery prior to the 
HAB.  The pocilloporid and acroporid rubble that had carpeted the post-Gonu site in 
2007 were no longer apparent: a portion had been transported out of the area, and the 
remainder had been consolidated by crustose coralline algae.  No acroporids (live or 
dead) were observed within the transects or in the vicinity of the monitoring station.  
Massive corals (the only survivors) showed no outward signs of stress (e.g. bleached or 
retracted tissue) or recent mortality and appeared generally unperturbed by the HAB.  
Live coral density and mean colony size for the massives were 0.2 colonies per m
2 
and 72 
cm
2
, respectively. 
 
November 2009 (6 months post-HAB):  Total live coral cover remained at 0.1% (all by 
surviving massives) with no signs of recolonization by the formerly dominant P. 
damicornis.  Live coral density also remained low at 0.1 colonies per m
2
. 
 
Mean colony 
size was 105 cm
2
.  No coral recruits were observed within the transects.  The mortality of 
the pocilloporids and acroporids at DR was equivalent to the loss of all corals with 
framebuilding capacity (i.e. high population density of interconnected and interlocking 
colonies with rapid skeletal growth (Fagerstrom 1987; Riegl 2001).  The intact skeletons 
underwent a rapid breakdown between November 2008 and November 2009, primarily 
of the size class 1-4 colonies, leaving 15.3% of the area with dead colonies that remained 
in the upright position (Figure 3.3D).  The dynamics of the pocilloporid framework loss 
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were similar to that which occurred in the adjacent Arabian Gulf following the acroporid 
mass mortalities associated with the 1996 elevated temperature anomaly including 
bioerosion, encrustation by coralline algae, weakening of structural stability, collapse of 
the framework into rubble, and removal of fragments by waves and currents (Riegl 2001, 
2002). 
 
DR Probability Transition Matrix 
The number of massive colonies at DR (n < 10) was too small to develop a size class 
transition probability matrix. 
 
DR in-situ Temperature Trends 
Weekly temperature profiles at DR between August 2007 and November 2008 are shown 
in Figure 3.6A. A two-tailed paired sample t-test (α=0.05) indicated no significant 
differences between the daily maximum temperatures or between the daily mean 
temperatures for the August-November timeframes in 2007 and in 2008. 
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Figure 3.6  Weekly in-situ seawater temperature profiles at Dibba Rock and Mirbah North 
Weekly minimum, mean and maximum temperatures are based on hourly data collected over a seven-day 
period starting each Sunday at midnight between August 2007 and November 2008. 
 
Dibba South (DS) 
DS Coral Demographics 
October 2006 (pre-disturbance):  The coral community consisted primarily of massives 
from 12 genera (Coscinaria, Cyphastrea, Favia, Favites, Goniopora, Leptastrea, 
Platygyra, Plesiastrea, Porites, Psammacora, Pseudosiderastrea, and Siderastrea spp.).  
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Pocillopora damicornis and Acropora spp. were not observed during the 2006 site 
evaluation.  The DS coral community structures between 2006 and 2009 are illustrated in 
Figure 3.7 and quantified in Figures 3.4B and 3.5B. 
 
 
Figure 3.7  Changes in coral community at Dibba South (2006-2009) 
(A) Undisturbed reef in 2006, landscape view; (B)  Massive colonies were undamaged by Gonu in 2007, 
and no rubble was present between the colonies; (C) Corals appeared healthy three months into the 2008 
red tide; (D)  Close-up of coral recruit observed in 2009. 
 
August 2007 (2 months post-Gonu):  Live coral cover within the DS transects was 23.7%.  
Cover was dominated by Platygyra spp. (20.7%), with minor contributions from 
Favia/Favites spp. (1.9%) and other massive coral taxa (1.1%).  There was no evidence 
that either the coral community structure or total live cover had been altered by Gonu; no 
colonies or fragments of Pocillopora damicornis or Acropora spp. were observed at the 
monitoring stations either pre- or post-Gonu.  The massive corals showed no signs of 
physical damage from Gonu (Figure 3.7B).  Live coral density and mean colony size 
were 5.3 colonies per m
2
 and 450 cm
2
, respectively.   
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November 2008 (3 months into HAB):  Live coral cover at DS remained steady at 23.0% 
with taxa-specific proportions comparable to post-Gonu; Platygyra spp. (18.5%), 
Favia/Favites spp. (2.9%), and other massive coral taxa (1.6%).  A minor but notable 
contributor was Acropora spp. (0.05%), which consisted of three juvenile colonies.  The 
DS colonies showed no outward signs of stress (e.g. bleached or retracted tissue) or 
recent mortality and appeared generally unperturbed by the HAB (Figure 3.7C).  The live 
coral density and mean colony size of the massives were 6.0 colonies per m
2
 and 380 
cm
2
, respectively.  The recently settled acroporids had surface areas of 30-110 cm
2
. 
 
November 2009 (6 months post-HAB):  Live coral cover at DS was 15.9%.  Cover was 
dominated by Platygyra spp. (9.3%) and Favia/Favites spp. (5.6%) with minor 
contributions from other massive coral taxa (0.8%), Montipora spp. (0.18%), and 
Stylophora spp. (0.02%).  The appearances of previously unrecorded Montipora and 
Stylophora and the difference in live coral cover compared to 2008 were the results of 
slightly offset transect placements, which stemmed from the loss of the center transect 
marker.  The massive coral density and mean colony size were 6.6 colonies per m
2
 and 
238 cm
2
, respectively.   Two recruits (Favia and Platygyra spp.), with surfaces areas <2 
cm
2
, were observed within the belt transects.   The Montipora spp. colonies had surface 
areas >110cm
2
.   The Stylophora spp. community consisted of a single juvenile colony 
with a surface area of 109 cm
2
.   
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DS Probability Transition Matrix 
The dominant eigenvalue for the 2007-2008 size class transition matrix (Table 3.1) 
indicated a growth rate of 0.99 for the massive taxa community, suggestive of an almost 
stable population during this timeframe.  It was not possible to compute a growth rate for 
2008-2009 due the aforementioned loss of the center transect marker.  Although transects 
were reconstructed as faithfully as possible, the photo-mosaics revealed slight shifts in 
spatial coverage and, hence, in inventoried corals. 
 
Mirbah North 
MN Coral Demographics 
October 2006 (pre-disturbance):  The coral community consisted primarily of massive 
colonies from six genera (Favia, Favites, Porites, Platygyra, Leptastrea and Siderastrea 
spp.) with occasional colonies of Acropora spp.  Pocillopora damicornis was not 
observed at this site.  The estimated pre-disturbance live coral cover was 32.4%, 
comprised of 28.6% massives and 3.8% Acropora spp.  Changes in the MN coral 
community structure between 2006 and 2009 are illustrated in Figure 3.8 and quantified 
in Figures 3.4C and 3.5C. 
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Table 3.1 Size class transition probability matrices for massive corals 
Columns depict starting state, rows depict ending fate.  Rows for SC1 include recruitment probability and 
partial mortality from larger colonies to SC1.  Total = probability of existing colony survival plus 
recruitment; r = recruitment probability; s = probability of colony survival; d = probability of whole colony 
death (1-s). 
 
A.  Dibba South (2007-2008) 
 
n = 67 Class 1 Class 2 Class 3 Class 4 Class 5 
Class 1 0.2500 0.1541 00006 0..0007 0.0318 
Class 2 0.2500 0.6154 0.2500 0.0000 0.0000 
Class 3 0 0.2308 0.3333 0.2857 0.0000 
Class 4 0 0 0.3333 0.2857 0.0968 
Class 5 0 0 0 0.4286 0.9032 
Total 0.5000 1.0002 0.9172 1.0007 1.0318 
r 0.0000 0.0002 0.0006 0.0007 0.0318 
s 0.5000 1.0000 0.9166 1.0000 1.0000 
d 0.5000 0 0.0834 0 0 
 
B.  Mirbah North (2007-2008) 
 
n = 274 Class 1 Class 2 Class 3 Class 4 Class 5 
Class 1 0.3415 0.0503 0.0244 0.0391 0.0480 
Class 2 0.3415 0.6167 0.0714 0.1923 0.0097 
Class 3 0 0.2167 0.5238 0.1154 0.0097 
Class 4 0 0.0167 0.3095 0.3077 0.0485 
Class 5 0 0 0 0.4231 0.9612 
Total 0.6830 0.9003 0.9291 1.0391 1.0771 
r 0.0000 0.0003 0.0006 0.0391 0.0771 
s 0.6830 0.9000 0.9285 1.0000 1.0000 
d 0.3170 0.1000 0.0715 0 0 
 
C.  Mirbah North (2008-2009) 
 
n = 274 Class 1 Class 2 Class 3 Class 4 Class 5 
Class 1 0.2222 0.1683 0.0485 0.0035 0.1830 
Class 2 0.1481 0.5758 0.1591 0.0833 0.1239 
Class 3 0 0.1061 0.5000 0.5000 0.0619 
Class 4 0 0 0.2273 0.2083 0.0796 
Class 5 0 0 0 0.2083 0.8584 
Total 0.3704 0.8501 0.9349 1.0035 1.3069 
r 0.0000 0.0016 0.0030 0.0035 0.3069 
s 0.3704 0.8485 0.9319 1.0000 1.0000 
d 0.6296 0.1515 0.0681 0 0 
  
D.  Mirbah South (2007-2008) 
 
n = 27 Class 1 Class 2 Class 3 Class 4 Class 5 
Class 1 0.0000 0.2500 0.1667 0.0000 0.0909 
Class 2 0.0000 0.5000 0.0000 0.3333 0.0909 
Class 3 0 0.2500 0.6667 0.3333 0.0909 
Class 4 0 0 0.1667 0.3333 0.0909 
Class 5 0 0 0 0. 0.6364 
Total 0.0000 1.0000 1.0000 1.0000 1.000 
r 0.0000 0.0000 0.0000 0.0000 0.0000 
s 0.0000 1.0000 1.0000 1.0000 1.0000 
d n/a 0 0 0 0 
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Figure 3.8  Changes in coral community at Mirbah North (2006-2009) 
(A) Undisturbed reef in 2006; (B) Branching acroporids were damaged by Gonu, but massive colonies 
were undamaged in 2007; (C) Massive corals appeared healthy three months into the 2008 red tide as did 
many of the acroporids such as that seen in the foreground; (D)  Close-up of acroporid recruit observed in 
2009. 
 
August 2007 (2 months post-Gonu):  Live coral cover within the MN transects was 
29.5%.  Cover was dominated by Platygyra spp. (25.4%) with minor contributions from 
Favia/Favites spp. (3.1%), Acropora spp. (0.9%), and other massive coral taxa (<0.1%).  
Overturned (but intact) colonies of Acropora spp. and acroporid fragments covered 2.9% 
of the area within the transects.  The overturned acroporid colonies showed signs of 
tissue migration to the newly upturned side of the colony.  The two largest overturned 
acroporid colonies had surface areas of 2600 and 7800 cm
2
.
  
Massive corals showed no 
signs of physical damage from Gonu.  The live coral density and mean colony size of the 
massives were 8.2 colonies per m
2
 and 349 cm
2
, respectively.   
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November 2008 (3 months into HAB):  Live coral cover was steady at 31.3%, with 
proportions comparable to post-Gonu; Platygyra spp. (27.3%), Favia/Favites spp. 
(3.7%), Acropora spp. (0.2%) and other massive coral taxa (0.1%).  The acroporids 
consisted of (i) four juvenile colonies (31-52 cm
2
) that had settled directly on bare 
substrate and (ii) 22 areas (20-510 cm
2
) on the two largest overturned colonies observed 
in 2007, presumably the result of upward tissue migration from the parent colonies.  
Within this second group of acroporids, three areas experienced partial mortality and 
eleven areas were recently dead.  The acroporid skeletons looked similar to the 
pocilloporid skeletons at DR (i.e. white to light yellow, intact calices, no algal 
overgrowth) indicating the mortalities occurred within similar timeframes.  The recently 
dead acroporid cover was 0.4%, suggesting that the total acroporid cover prior to the red 
tide event was 0.6%.   Based on this estimation, the acroporid mortality at MN during the 
first three months of the red tide was 66%.  Massive colonies showed no outward signs of 
stress (e.g. bleached or retracted tissue) or recent mortality and appeared generally 
unperturbed by the HAB (Figure 3.8C).  The live coral density and mean colony size of 
the massives were 6.4 colonies per m
2
 and 489 cm
2
, respectively.     
 
November 2009 (6 months post-HAB):  Live coral cover at MN was 27.2% with 
generally similar proportions to 2007 and 2008: Platygyra spp. (23.7%), Favia/Favites 
spp. (3.5%), Acropora spp. (0.04%), other massive coral taxa (0.1%), and Pocillopora 
spp. (0.02%).  All 26 Acropora spp. colonies observed in 2008 were either dead or 
missing, indicating 100% acroporid mortality within the past year.  Six new Acropora 
colonies were observed and, based on their morphologies and surface areas of 19-40 cm
2
, 
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were presumed to be recruits from the 2009 spawning season (Figure 3.8D).  Two 
Pocillopora damicornis recruits, also presumably from the 2009 spawning season, were 
observed within the transect belts.  Pocillopora had not been observed within the 
transects or in the vicinity of the monitoring station in the two previous years.  Two 
Favia and three Porites spp. recruits, with surfaces areas <2.5 cm
2
, were observed within 
the belt transects.  The 2009 recruit density was 0.2 colonies per m
2
.  The live coral 
density and mean colony size of the massives were 7.8 colonies per m
2
 and 347 cm
2
, 
respectively.      
 
MN Probability Transition Matrix 
The dominant eigenvalues for the 2007-2008 and 2008-2009 size class transition matrices 
(Tables 3.1B-C) indicated growth rates for the massive taxa community of 1.02 and 0.93, 
respectively, suggestive of a stable post-Gonu population that began to decline post-
HAB.  Additional inter-annual comparisons are needed to determine whether the MN 
population is indeed following a declining trajectory or if a range of 0.93-1.02 constitutes 
“normal” variability in the growth rate for this site.  
 
MN in-situ Temperature Trends 
Weekly temperature profiles at MN between August 2007 and November 2008 are shown 
in Figure 3.6B. A two-tailed paired sample t-test (α=0.05) indicated no significant 
differences between the daily maximum temperatures or between the daily mean 
temperatures for the August-November timeframes in 2007 and in 2008. 
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Mirbah South 
MS Coral Demographics 
October 2006 (pre-disturbance):  The coral community was a nearly monogeneric stand 
of Acropora spp. with occasional Pocillopora damicornis and massive colonies from nine 
genera (Coscinaria, Favia, Favites, Leptastrea, Platygyra, Porites, Psammacora, 
Pseudosiderastrea, and Siderastrea spp.).  The estimated pre-disturbance live coral cover 
was 74.4%, comprised of 69.1% Acropora spp., 4.9% massive coral taxa and 0.4% P. 
damicornis.  Changes in the MS coral community structure between 2006 and 2009 are 
illustrated in Figure 3.9 and quantified in Figures 3.4D and 3.5D. 
 
 
 
Figure 3.9  Changes in coral community at Mirbah South (2006-2009) 
(A) Undisturbed reef in 2006, Acropora spp. colonies were greater than 2 m in diameter; (B) Branching and 
tabular acroporids were damaged by Gonu in 2007; (C) Some acroporids appeared stressed three months 
into the 2008 red tide; (D) Severely damaged site in 2009, presumably the result of a winter storm. 
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August 2007 (2 months post-Gonu):  Live coral cover within the transects at MS had 
decreased to 33.0%, less than half of the pre-Gonu level.  Acropora was still dominant 
(28.3%), but to a lesser degree due to preferential survival of massive colonies.  Massive 
coral and P. damicornis areal covers were essentially unchanged at 4.3% and 0.4%, 
respectively.  Overturned (but intact) colonies of Acropora spp. and acroporid fragments 
covered 40.8% of the area within the transects whereas massive rubble occupied only 
0.6%.  As in MN, the overturned acroporid colonies showed signs of tissue migration to 
the newly upturned side of the colony.  The largest overturned acroporid colony had a 
surface area of 9660 cm
2
. 
 
Except for a few overturned colonies, massive corals showed 
no signs of physical damage from Gonu.  Live coral density was 99.5 colonies/fragments 
per m
2
.  The mean colony sizes were 98 cm
2
, 100 cm
2
 and 478 cm
2
 for Acropora spp., 
massive colonies, and P. damicornis, respectively. 
     
November 2008 (3 months into HAB):  Live coral cover at MS had declined slightly 
(25.0%), with proportions comparable to post-Gonu: Acropora spp. (22.2%) and massive 
coral taxa (2.8%). The decline in cover was due primarily to the loss of acroporid 
fragments that had carpeted the post-Gonu site: a portion had been transported out of the 
area and the remainder had been consolidated by crustose coralline algae.  Massive corals 
showed no outward signs of stress (e.g. bleached or retracted tissue) or recent mortality 
and appeared generally unperturbed by the HAB.  Four acroporid colonies exhibited 
signs of partial or recent mortality (Figure 3.9C).  Recently dead acroporid cover was 
0.1%, indicating low mortality at this early stage of the HAB.  All four P. damicornis 
colonies photographed in 2007 were found recently dead in 2008, indicating 100% 
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mortality, similar to DR.  Live coral density was 19.4 colonies per m
2
.  Mean colony 
sizes were 127 cm
2
 and 137 cm
2
 for Acropora spp. and massive colonies, respectively.   
 
November 2009 (6 months post-HAB):  The MS coral community was found severely 
damaged.  The settlement rack was missing, and the coral was reduced to rubble (Figure 
3.9D).  All colonies, branching and massive, more than 0.5 m high were gone. There was 
no direct evidence of anthropogenic disturbance (e.g. pieces of traps or nets, grounding 
scars, or depressions indicating a detonation); however, damage due to trawling cannot be 
excluded.  Surveys were conducted along transects placed in proximity to the missing 
station.  Live coral cover was 0.7%, comprised solely of massive taxa including, Porites, 
Platygyra, Favia/Favites and Leptastrea spp..   Live coral density and mean colony size 
were 0.6 colonies per m
2
 and 119 cm
2
, respectively.  . 
 
MS Probability Transition Matrix 
The dominant eigenvalue for the 2007-2008 size class transition matrix (Table 3.1D) 
indicated a growth rate of 0.85 for the massive taxa community, suggesting a declining 
population.  However, it is unknown whether the decline was attributable to the cyclone, 
red tide disturbances, or some other factor(s).  It was not possible to develop a size class 
transition probability matrix for MS in 2008-2009 due to the damage to the site. 
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Discussion 
Natural disturbances, such as cyclones and mass mortality events (e.g. bleaching, disease 
outbreaks, removal of grazers), can have significant impacts on coral reefs and ultimately 
cause shifts in community structures.  During the extended period in which the benthic 
communities offshore Dibba and Fujairah, UAE were relatively free from natural 
disturbances (i.e. an estimated 12-40 years), the corals at the four monitoring station 
locations formed four separate assemblages. 
 Dibba Rock; a nearly monospecific stand of Pocillopora damicornis with a few 
acroporid and massive taxa colonies, 96.4% live coral cover.    
 Dibba South; comprised solely of massive colonies from twelve genera, 23.7% 
live coral cover.   
 Mirbah North; comprised of massive colonies from six genera and Acropora spp., 
32.4% live coral cover   
 Mirbah South; a nearly monogeneric stand of Acropora spp. with a few massive 
taxa and P. damicornis colonies, 74.4% live coral cover. 
The differences in site susceptibility/resistance to the acute 2007 cyclone disturbance, 
followed by the chronic 2008-2009 HAB disturbance, are largely attributed to this local 
variability in coral community composition.    
 
Cyclone Impacts on Community Structures 
In a meta-analysis of Caribbean hurricanes, Gardner et al. (2005) reported that coral 
cover was reduced by an average of 17% in the following year.  Losses tend to be higher 
at locations with an abundance of branching and tabular colonies (i.e. locations with 
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longer time periods between recurrent hurricanes during which the fast-growing taxa 
flourish) whereas losses may become insignificant at locations where these susceptible 
morphologies have virtually disappeared (i.e. due to frequent or intense hurricanes, mass 
mortality events, or other factors impacting regeneration) (Porter et al. 1981; Rogers 
1993; Aronson & Precht 1995; Gardner et al. 2005).    In this study coral cover losses two 
months after Gonu were higher than predicted by the meta-analysis at sites with abundant 
branching and tabular colonies (53-56% at DR and MS) and lower at sites with few of 
these fragile corals (0-9% at DS and MN).  The higher losses reported herein are 
comparable to the >59% losses that occurred when hurricanes impacted the abundant 
pocilloporids of Hauatulco, Mexico (Lirman et al. 2001) and the acroporids of Jamaica 
(Woodley et al. 1981). 
 
Gardner et al. (2005) described four possible trajectories for post-hurricane coral cover 
summarized herein as: (i) “recovery”, a temporary increase in coral cover due to 
successful attachment and growth of fragments, before returning to the pre-storm rate of 
change; (ii) “stasis”, temporary stability before returning to the pre-storm rate of change; 
(iii) “resumption”, an immediate return to the pre-storm rate of change; or (iv) “decline”, 
a decrease in the pre-storm rate of change (i.e. a slower growth rate or a faster rate of 
decline).  Each of the coral communities within this study had started along one of these 
trajectories prior to the HAB, indicating local variability in post-storm recovery patterns.   
 
 The pocilloporid community at DR followed the recovery trajectory as evidenced 
by the increase in cover from 44% to 55%.   
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 The massive community at DS followed the stasis trajectory as evidenced by 
steady coral cover (23% post-Gonu and 24% three months into the HAB) and the 
growth rate of 0.99, which both indicate a stable population.   
 The mixed massive/acroporid community at MN followed the stasis trajectory as 
evidenced by the total coral cover (29% post-Gonu and 31% three months into the 
HAB) and the 2007-2008 growth rate of 1.02 for the massive taxa.  The acroporid 
subset of the MN population was <1% prior to the cyclone; thus, despite the 
establishment of four juvenile colonies and 22 areas resulting from the migration 
of tissue from overturned colonies, the acroporid cover remained low and had 
minimal impact on the overall community structure.   
 The mixed acroporid/massive community at MS followed the decline trajectory as 
evidenced by the loss in total coral cover from 33% post-Gonu to 25% three 
months into the HAB, a reduction in acroporid density from 29 to 17 
colonies/fragments per m
2
, and the 2007-2008 growth rate of 0.85 for the massive 
taxa.   
 
Coral communities have been shown to require approximately 10-30 years to recover 
after a major disturbance (e.g. Connell et al. 1997; Ninio et al. 2000; Bruno & Selig 
2007; Burt et al. 2008).  While it is estimated that 12-40 years had passed between Gonu 
and the previous major disturbance, only 14 months passed between the cyclone and the 
start of the HAB.  This rapid occurrence of the second disturbance further depressed the 
already degraded pocilloporid and acroporid populations.   
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Red Tide Impacts on Community Structures 
Coral mortality associated with the 2008-2009 HAB varied considerably depending on 
taxa.  P. damicornis experienced mass mortality, Acropora spp. displayed a range of 
responses, and massive species from 12 genera showed no outward signs of stress or 
mortality.  Coral mortality also varied between sites, with >99% loss of live coral cover 
at DR and 0-2% loss at DS, MN and MS. 
 
The HAB resulted in the loss of all P. damicornis within the two sites (DR and MS) at 
which colonies were observed, demonstrating that P. damicornis was more susceptible to 
red tide events.  At DR, the mass mortality associated with the HAB significantly 
impacted the already Gonu-damaged community by reducing live coral cover from 
54.5% to 0.1%, equivalent to a >99% reduction in live coral.  The pocilloporid 
community at DR fell from its post-cyclone recovery trajectory into a severely degraded 
state.  In contrast, the mortality of all colonies observed at MS had a small impact on the 
overall coral community as the pocilloporids had represented only 1.3% of the pre-
disturbance live coral cover. 
 
The variable mortality of Acropora spp. suggested that only certain colonies were 
susceptible during the early stage (three months) of the HAB.  At DS, the three juvenile 
colonies within the transects appeared healthy.  At MN, the four juvenile colonies 
attached to the substrate appeared healthy.  However, three (14%) of the areas growing 
on the overturned colonies had partial tissue loss and 11 (50%) of the areas were recently 
dead.  Although this is equivalent to a 66% loss of acroporid cover, the impact to the 
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overall MN community was minimal as the acroporids represented <1% of the total live 
coral cover.  At MS, only four colonies (0.8% of acroporid population) had partial tissue 
loss or had recently died, equivalent to a 0.7% loss of acroporid cover.   
 
The presence of Acropora and Pocillopora juveniles at MN in 2009 indicated that 
reproductive colonies in upstream locations survived the HAB disturbance.  The 
observations of Montipora and Stylophora at DS signified that other genera within the 
acroporid and pocilloporid families also survived.  Additional recruitment of these 
framebuilding taxa from upstream sources will be critical to the future recovery of the 
DR and MS coral communities. 
 
Unlike the pocilloporids and acroporids, coral mortality was not observed among the 
massive colonies at the monitoring stations during the HAB.  Previous studies in other 
regions of the world also reported that massive coral taxa were less susceptible to 
environmental conditions associated with phytoplankton blooms than were branching 
pocilloporids and acroporids (Table 3.2).    
 
While the icthyotoxic Cochlodinium polykrikoides has been reported to be responsible for 
massive fish kills (Richlen et al. 2009), the suite of mechanisms leading to the 
pocilloporid and acroporid mortalities along the UAE coastline remains unknown.  
Temperature anomalies may be ruled out as the in-situ temperatures in August-November 
2008 were not significantly different from the temperatures during the same period in 
2007.  Possible causes of coral mortality that may be associated with phytoplankton 
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blooms such as the red tide of this study include (i) reduced light penetration, (ii) changes 
in water chemistry related to dissolved oxygen, toxins, or hydrogen sulfide, (iii) bacterial 
or fungal infection, (iv) smothering by mucus produced during dinoflagellate blooms, and 
(v) a combination of these and other factors (Smith 1975; Guzmán et al. 1990; Genin et 
al. 1995).  
 
Table 3.2 Coral mortality events associated with phytoplankton blooms and depleted dissolved 
oxygen events 
 
Source Location Event Impact on Massive Taxa Impact on Branching Taxa 
This study UAE coast in 
Gulf of 
Oman 
Cochlodinium 
polykrikoides 
bloom 
0% mortality; no outward signs of stress 
in Coscinaria, Cyphastrea, Favia, 
Favites, Goniopora, Leptastrea, 
Platygyra, Plesiastrea, Porites, 
Psammacora, Pseudosiderastrea, and 
Siderastrea spp. 
100% mortality of Pocillopora 
damicornis; Site-specific loss of live 
Acropora spp. cover (0-66%) 
Adjeroud et 
al. (2001) 
Hikuera 
Atoll, French 
Polynesia 
Phytoplankton 
bloom 
Low to medium mortality of 
Acanthastrea, Favia, Fungia, 
Leptastrea, Lobophyllia, Platygyra and 
Porites spp.; Leptastrea and Porites had 
high survivorship 18 months after mass 
mortality 
Low to high mortality of Pocillopora 
and Acropora spp. 
Genin et al.  
(1995) 
Eilat, Israel Algal bloom 3.3% mortality of massives, primarily 
Favia, Favites and Porites spp.; colonies 
with partial mortality had mean tissue 
loss of 9.7% 
20.5% mortality of branching 
colonies, primarily Acropora, 
Pocillopora and Stylophora spp.; 
colonies with partial mortality had 
mean issue loss of 32.5% 
Simpson et 
al. (1993) 
Ningaloo 
Reef, 
Western 
Australia 
Depleted dissolved 
O2 levels (during 
coral spawn slick) 
56% mortality of faviids; large Porites 
spp. colonies experienced partial 
mortality; small colonies of Cyphastrea 
microphthalma were unaffected 
83% and 68% mortality in acroporids 
and pocilloporids, respectively 
Guzmán et 
al. (1990) 
Caño Island, 
Costa Rica 
Dinoflagellate 
bloom 
Live coral cover of massive corals 
unchanged, including Gardineroseris, 
Pavona, Porites and Psammacora spp. 
100% mortality of Pocillopora 
elegans and P. damicornis in shallow 
areas (0.5-3 m depth) 
 
 
Reduced light penetration and dissolved oxygen were measured in conjunction with the 
2008-2009 red tide event.  In November 2008, Marquis &Trick (2009) measured the 
penetration of photosynthetically active radiation (PAR) under the HAB mat near Dibba 
and Fujairah and found <10% of the surface light penetration at 1-meter depth and below 
detection levels at the bottom (<10 m) compared to 30-70% (1 m) and 10-60% (<10 m) 
surface light penetration for offshore locations outside the HAB-affected area.  Assuming 
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that similar reductions in light penetration occurred at the monitoring stations, 
zooxanthella photosynthesis may have been interrupted for extended periods with lethal 
consequences to the host corals.  Marquis & Trick (2009) also measured dissolved 
oxygen and found <0.2 mg/l at the benthos below the HAB mat compared to offshore 
values of 10 mg/l at the surface and 5 mg/l at 20-meters depth.  Similar oxygen depletion 
levels at the monitoring stations could have contributed to or caused the coral mortalities.  
Synergistic impacts of sub-lethal reductions in light penetration, changes in water 
chemistry, and other negative factors may have resulted in increased coral mortality.   
 
Conclusions 
Coral reefs are subject to many types of disturbances and demonstrate considerable 
variability in their responses to these stressors.  The present study documents the effects 
of two consecutive disturbances associated with Cyclone Gonu in 2007 and the 
Cochlodinium polykrikoides red tide in 2008-2009 on four Gulf of Oman (UAE) coral 
community structures.   
 
 Storm damage was manifested as significant losses of live branching and tabular 
coral cover as a result of fragmentation and dislodgment of pocilloporid and 
acroporid colonies.   
 Pocillopora damicornis colonies that survived the cyclone experienced mass 
mortality during the first three months of the HAB, resulting in localized 
extirpation of this species.   
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 Variable Acropora mortality during the HAB indicated individual colony, rather 
than taxa-wide, susceptibility.   
 Massive colony coral taxa were resistant to both disturbances.   
 
Near-term changes in the post-disturbance coral community structures will depend on 
the survivorship of existing massive colonies.  Long-term changes, and potential 
recovery to pre-disturbance community structures, will depend on successful 
recruitment and growth of new corals, particularly acroporids and pocilloporids from 
upstream larval sources.  In addition, recovery trajectories will depend on the time that 
elapses between the end of the HAB reported in this study and the next disturbance, 
whether natural or anthropogenic.  The Gulf of Oman coral communities are viable 
natural resources that are important to the biodiversity and the economy (e.g. local 
fisheries, recreational uses) of the region.  The corals are at risk of exposure to 
numerous man-made pressures (e.g. coastal development, outflow from desalination 
plants, proximity to major shipping channels, potential tanker spills, introduction of 
foreign species from ballast water).   Conservation efforts should be implemented, 
particularly near Dibba Rock and Mirbah South, to minimize these pressures and allow 
the corals sufficient time to recover. 
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Chapter 4 : HARD CORAL COMMUNITY STRUCTURES WITHIN A HIGH-LATITUDE 
SOUTH FLORIDA REEF SYSTEM (BROWARD COUNTY, USA) 
 
Introduction 
The high-latitude coral communities located offshore Broward County, Florida (Figure 
1.4) consist of a series of shallow, hardbottom ridges and three progressively deeper, 
shore-parallel terraces that are separated by sand and other sedimentary deposits of 
varying thickness (Macintyre & Milliman 1970; Lighty 1977; Macintyre 1988).  From 
shoreward to seaward, these structures are commonly referred to as the ridge complex, 
inner reef, middle reef, and outer reef (Moyer et al. 2003).  The reef tracts are comprised 
of typical Caribbean flora and fauna but have very different community structures 
(Moyer et al. 2003).  Hard coral cover in Broward County is low (typically ≤4%), and 
taxa that are dominant in the Caribbean, such as the Montastraea annularis species 
complex (Knowlton 2001), are uncommon and subordinate to M. cavernosa (Moyer et al. 
2003). The hard coral community structures are influenced, in part, by (i) competition for 
available substrate by macroalgae and other fauna, (ii) environmental gradients across the 
reef tracts, and (iii) repetitive exposures to natural disturbances such as bleaching and 
partial bleaching (Gilliam 2007), direct physical damage from hurricanes and tropical 
storms, and sedimentation transported by storm-generated waves and currents (Gilliam 
2007; Miller & Kosmynin 2009).  
 
The hard corals in Broward County occur in the best developed part of the southeast 
Florida reef system, which extends from south Miami northward to West Palm Beach 
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(Moyer et al. 2003; Banks et al. 2008) and, therefore, are of interest when researching 
this high-latitude ecosystem.  The objectives during this study were to: (1) describe, in 
terms of benthic cover, abundance and size frequency distributions, the hard coral 
community structures in Broward County; (2) identify the different hard coral 
assemblages within the sample areas; and (3) determine whether common or variable 
ecological patterns exist within assemblages. 
 
Methods 
Ecological data collection 
Three regions of the shelf offshore Broward County, Florida (herein termed “corridors”) 
were selected at approximately even distances from north to south (Figure 1.4).  The 
corridors were 1.2-1.6 km in along-shelf length and 1.5 – 2.1 km in cross-shelf width, 
with areas of 2.9 km
2
 in the center and south and 1.8 km
2 
in the north (the north corridor 
was narrower due to the absence of the inner reef).  Each corridor was subdivided to 
encompass portions of the reef tracts and create eleven corridor-reef sections (herein 
termed “sections”).  Within each of the sections, nine sites were strategically selected 
using LADS bathymetry as a guide to include the edge, crest and slope reef zones.  In 
total, 99 sites were sampled.  At each site, 32 digital images were taken within two 3m x 
4m quadrats using a rigid photo-framer with a 0.5m x 0.75m footprint (Figure 1.5). 
Percent area cover within each image was recorded for six broad categories: substrate, 
algae/turf, hard coral, soft coral, sponge, and other live (Table 4.1).  Quadrat data were 
pooled to provide the benthic area cover for each section (i.e. 9 sites, 18 quadrats, 576 
images).   
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Table 4.1Flora, Fauna and Substrate Categories for Area Cover 
 
Category Benthic Components  
Substrate Sand, pavement, rubble, large debris 
Algae/Turf Turf (fleshy macroalgae <2 cm in height), fleshy macroalgae 
(>2 cm in height), calcareous macroalgae, coralline algae  
Hard Coral Massive and branching stony corals 
Soft Coral Massive and encrusting soft corals 
Sponge Massive and encrusting sponges 
Other Live Zoanthids, tunicates, hydroids, other sessile benthic organisms 
 
 
Hard coral colonies were traced using Coral Point Count (CPCe) (Kohler & Gill 2006) 
and identified to species, except for Siderastrea siderea and S. radians which were 
reported together as Siderastrea spp.  Most of the small Siderastrea colonies were flat 
and white to light gray/brown, characteristics common to juveniles of both species.  
CPCe calculated colony surface areas (planar view) based on the known area of the 
benthic view within the photo-framer.  Colony counts and surface areas for all images 
within a given section were pooled to provide coral abundance, density and percent live 
hard coral cover. Massive colonies were grouped into the same five size-dependent 
classifications used previously in this dissertation to provide size frequency distributions 
(Table 2.1).    
 
Analysis of hard coral data 
Community structure comparisons of corridor-reef sections were made based on coral 
area cover using Primer software (Primer-E Ltd. Plymouth, UK).  Data processing for 
classification and ordination included (i) fourth root transformation for the production of 
a Bray-Curtis similarity matrix, (ii) agglomerative, hierarchical cluster analysis using 
group average sorting, and (iii) multi-dimensional scaling (MDS).  Second-level 
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processing included (i) one-way, pairwise analysis of similarity (ANOSIM) to determine 
whether significant differences in community composition existed between sections and 
(ii) similarity of percentages (SIMPER) analysis to determine which species contributed 
most to the similarities and dissimilarities.  Size frequency distributions and mean colony 
sizes were compared to each other using two-sample Kolgomorov-Smirnov tests and one-
way analysis of variances (ANOVA) with a Tukey-Kramer post hoc test, respectively 
(Sokal & Rohlf 1995). 
 
Results 
Benthic community structure 
Algae/turf and uncolonized substrate comprised 63-91% of the benthic area within the 
corridor-reef sections (Figure 4.1).  The faunal reef community was dominated by a 
mixture of soft corals and sponges (9-36% of the benthic area cover, 59 taxa groups).  
Five fauna groups were identified as “weeds” (i.e. the most frequently observed groups, 
found in all sections sampled): Briareum asbestinum, Eunicea/Muricea spp., Niphates 
erecta, Amphimedon compressa, and the encrusting sponge group (i.e. sponges that 
encrusted small surface areas and for which insufficient morphological details were 
visible for identification).  Hard corals comprised <1-4% of the benthic area cover. 
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Figure 4.1  Benthic cover (%) by corridor-reef section 
The six most abundant species that contribute to the hard coral area cover are shown.  Mc = Montastraea 
cavernosa; Mm = Meandrina meandrites; Pa = Porites astreoides; S = Siderastrea spp.; Si = 
Stephanocoenia intersepta; Sb = Solenastrea bournoni; Oth = Other hard coral species. 
 
 
 
Twenty-five species of hard corals were inventoried within the study sites (Table 4.2).  
The five most abundant hard coral species (Montastraea cavernosa, Meandrina 
meandrites, Porites astreoides, Siderastrea spp., and Stephanocoenia intersepta) 
occurred in ≥55% of the study sites.  Solenastrea bournoni was also abundant but 
occurred in only 29% of the study sites and was found primarily in the north-ridge 
section. 
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Table 4.2  Inventory of hard corals within Broward County study sites 
Shaded area encompasses the top 12 taxa each of which contributes ≥1% to the total coral area.  Cum% is 
the cumulative percentage of coral area cover.  Abundance is the total number of colonies inventoried 
within the photo quadrats.  Mean SA is the mean colony surface area. %Freq is the percentage of sites 
(n=99) in which a given species was observed. 
 
Species % of 
Area 
Cum%  Abundance  Mean 
SA (cm
2
) 
%Freq 
Montastraea cavernosa 55.7 55.7 610 256 83 
Siderastrea spp 7.6 63.3 1372 16 99 
Meandrina meandrites 7.0 70.3 152 130 55 
Porites astreoides 5.1 75.4 352 41 55 
Montastraea faveolata 4.0 79.4 10 1173 8 
Solenastrea bournoni 3.6 83.0 195 52 29 
Diploria strigosa 3.5 86.5 15 656 11 
Stephanocoenia intersepta 3.4 89.9 506 19 80 
Montastraea franksi 2.6 92.5 12 370 5 
Diploria clivosa 2.3 94.8 18 350 4 
Dichocoenia stokesi 1.1 95.9 47 66 32 
Colpophyllia natans 1.0 96.9 11 263 9 
Acropora cervicornis 0.8 97.7 4 554 3 
Madracis dectactis 0.4 98.1 23 52 11 
Diploria labyrinthiformis 0.4 98.5 5 246 5 
Mycetophyllia danaana 0.3 98.8 5 201 4 
Agaricia agaricites 0.3 99.1 4 209 3 
Agaricia lamarcki 0.3 99.4 12 64 6 
Agaricia humilis 0.2 99.6 7 71 4 
Mycetophyllia lamarckiana 0.1 99.7 6 63 6 
Porites porites 0.1 99.8 4 55 3 
Dendrogyra cylindrus 0.1 99.9 1 201 1 
Isophyllia sinuosa <0.1 99.9 1 103 1 
Eusmilia fastigiata <0.1 100 5 19 5 
Mussa angulosa <0.1 100 2 6 2 
 
Hard coral assemblages 
Cluster analysis of the hard coral population differentiated three assemblages (designated 
A, B and C) within the corridor-reef sections (Figure 4.2).  Assemblages A and B were 
comprised of the study sites within the north-ridge and the central-ridge sections, 
respectively.  Assemblage C consisted of the remaining nine sections with coral 
populations that shared >66% similarity.  ANOSIM results confirmed that the hard coral 
communities within these assemblages were significantly different from each other 
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(Table 4.3).   SIMPER analysis identified eight species of hard corals predominantly 
responsible for the within-group similarities and among-group dissimilarities (Table 4.4).   
 
 
Figure 4.2  Coral assemblage analyses by cluster analysis and multi-dimensional scaling (MDS) 
(upper) Bray-Curtis Similarity cluster analysis depicting three assemblages.  (lower) MDS graphic 
representation with ovals around assemblages identified by dendrogram.   
 
 
Table 4.3  Results of one-way analysis of similarities (ANOSIM) for hard corals.  
Assemblage A = North Ridge sites, B = Central Ridge sites, C = All other sites.   
 
Assemblages R statistic Significance 
level (%) 
Significant 
difference 
A, B 0.743 0.1 Yes 
A, C 0.806 0.1 Yes 
B, C 0.542 0.1 Yes 
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Table 4.4  Top five species causing similarities within groups and dissimilarities among groups based 
on SIMPER analysis.   
Cont. (%) is the percentage (dis)similarity contributed by the respective coral species.  Cum. (%) is the 
cumulative percentage of (dis)similarity. 
 
Group A: North Ridge   Groups: A/B   
Average similarity: 57.50 Cont. 
(%) 
Cum. 
(%) 
Average dissimilarity: 77.7 Cont. 
(%) 
Cum. 
(%) 
Siderastrea spp. 88.5 88.5 Montastraea cavernosa 33.5 33.5 
Solenastrea bournoni 10.7 99.2 Solenastrea bournoni 11.0 44.5 
Stephanocoenia intersepta 0.8 100 Siderastrea spp. 10.4 54.9 
   Dichocoenia stokesi 9.7 64.7 
   Porites astreoides 9.4 74.1 
      
Group B: Central Ridge   Groups: A/C   
Average similarity: 42.64   Average dissimilarity: 70.3   
Montastraea cavernosa 54.2 54.2 Montastraea cavernosa 24.9 24.9 
Siderastrea spp. 23.4 77.6 Stephanocoenia intersepta 13.8 38.7 
Dichocoenia stokesi 10.6 88.2 Meandrina meandrites 12.8 51.4 
Porites astreoides 5.3 93.5 Solenastrea bournoni 12.0 63.4 
Diploria clivosa 3.9 97.4 Porites astreoides 10.0 73.4 
      
Group C: All Other Sites   Groups: B/C   
Average similarity: 54.13   Average dissimilarity: 61.1   
Montastraea cavernosa 29.4 29.4 Montastraea cavernosa 17.2 17.2 
Siderastrea spp. 25.9 55.3 Stephanocoenia intersepta 10.7 27.9 
Stephanocoenia intersepta 19.6 74.9 Meandrina meandrites 10.7 38.6 
Meandrina meandrites 11.3 86.2 Porites astreoides 10.4 49.0 
Porites astreoides 8.0 94.2 Siderastrea spp. 8.9 57.9 
 
 
The hard coral assemblages had the following characteristics: 
 
A: This assemblage included the sites within the north corridor-ridge complex (“north-
ridge”).  The hard coral population covered <1% of the total benthic area.  The 
mean density and mean colony size were 3.1 colonies per m
2 
and 7.8 cm
2
, 
respectively.  Siderastrea spp. was dominant with respect to abundance (77% of the 
hard coral population) whereas S. bournoni was dominant with respect to area cover 
(85% of the live hard coral area cover).  Five subordinate species were inventoried, 
each having 1-2 colonies and contributing ≤2% to the total live hard coral area 
cover. 
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B: This assemblage included the sites within the central corridor-ridge complex 
(“central-ridge”).  The hard coral population covered 3% of the total benthic area.  
The mean density and mean colony size were 1.3 colonies per m
2 
and 148.4 cm
2
, 
respectively.   Four hard coral taxa were dominant with respect to abundance and 
area cover; M. cavernosa, P. astreoides, Siderastrea spp., and Diploria clivosa.  
Eight subordinate species were inventoried, each having ≤5 colonies and 
contributing <1% to the live hard coral area cover.   
 
C: This assemblage included the sites within the south corridor-ridge complex plus all 
sites within the inner, middle and outer reefs (i.e. nine sections).  The hard coral 
population covered 1-4% of the total benthic area within each section.  The mean 
density and mean colony size were 1.3 colonies per m
2 
and 96.5 cm
2
, respectively.  
Five hard coral taxa had ≥150 colonies each: M. cavernosa, Siderastrea spp., S. 
intersepta, M. meandrites, and P. astreoides.  Each of the remaining 19 hard coral 
species that were inventoried in this assemblage had <50 colonies.  M. cavernosa 
was the dominant species with respect to area cover, comprising 55% of the live 
hard coral area cover.  
 
Hard coral community patterns within Assemblage C 
SIMPER analysis identified five hard coral taxa that were responsible for 94% of the 
within-group similarities in Assemblage C (Table 4.4).    These taxa had the following 
characteristics:  
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Size Frequency Distributions 
Kolgomorov-Smirnov results indicated that the size frequency distributions were 
statistically similar across the four reef tracts for Siderastrea spp., P. astreoides, 
and M. meandrites (Figure 4.3), indicating no zonation patterns for these taxa.    
Community structures were skewed to the right with the majority of Siderastrea 
colonies in size class 1 (<2 cm radius) and the majority of P. astreoides and M. 
meandrites colonies in size class 2 (2-4 cm radius).   
 
The size frequency distributions for M. cavernosa varied across the reef tracts, 
indicating a shift from larger to smaller colonies with increasing depth.  The ridge 
complex was significantly different from the other reefs, was skewed furthest to 
the left, and was comprised predominantly of size class 5 colonies.  The inner reef 
was statistically similar to the outer reef only, was skewed to the left, and had 
nearly half of its colonies in size class 5.  The middle reef was statistically similar 
to the outer reef only and was skewed to the right with its distribution peak at size 
class 2.  The outer reef had a bimodal distribution, with peaks at size class 2 and 
size class 5 which contributed to its statistical similarity to the middle and inner 
reefs, respectively.   
 
The community structure for S. intersepta on the ridge complex was significantly 
different from the structures on the other reefs.  The size frequency distributions 
for the inner, middle and outer reefs were more leptokurtic (i.e. stronger peaks) 
and skewed further to the right than on the ridge complex.   The majority of the S. 
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intersepta colonies on the ridge complex were evenly distributed between size 
classes 1 and 2 whereas the majority of the colonies on the other reefs were in size 
class 1.   
 
 
 
Figure 4.3  Size frequency distributions with overlaid normal distributions of the five most abundant 
hard coral taxa in Assemblage C 
For each taxa, reef tracts with significantly different distributions (p<0.05. Kolgomorov-Smirnov test) are 
indicated in the top center of each graph.  R =Ridge complex; I = Inner reef; M = Middle Reef; O = Outer 
Reef.  Vertical scales vary based on taxa abundance but are shown proportional across reef tracts to 
emphasize the shapes of the distribution curves.  (Note:  The apparent bimodalities of M. meandrites on the 
ridge complex and inner reefs are due to low abundances. Size frequency distributions and mean colony 
sizes are statistically similar across the reef tracts as indicated.) 
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Mean Colony Sizes 
Tukey-Kramer results indicated that M. cavernosa colonies were significantly 
larger than the other species with a mean surface area of 229.7 cm
2
 (Figure 4.4).  
M. meandrites was the second largest species with a mean surface area of 134.1 
cm
2
.  S. intersepta, Siderastrea spp., and P. astreoides were the smallest species 
and statistically similar with mean surface areas of 19.0, 22.5 and 53.0 cm
2
, 
respectively.   
 
 
 
Figure 4.4  Mean colony size (surface area) of five most abundant hard coral taxa in Assemblage C 
Si = Stephanocoenia intersepta; S = Siderastrea spp.; Pa = Porites astreoides; Mm = Meandrina 
meandrites; Mc = Montastraea cavernosa 
 
The between-site mean colony size comparisons had results similar to those for 
the between-site size frequency distribution comparisons:  (i) statistical 
similarities across the reef tracts for Siderastrea spp., P. astreoides, and M. 
meandrites; (ii) significant differences between the ridge complex and the other 
reefs for S. intersepta; and (iii) inner-outer reef and middle-outer reef statistical 
similarities for M. cavernosa.  
 119 
Taxa Dominance 
A plot of the fractional abundance versus the fractional area cover depicted the 
relative dominance of each hard coral taxa within Assemblage C (Figure 4.5).  M. 
cavernosa was the dominant species with respect to abundance and area cover.  
Siderastrea spp. and S. intersepta were subdominant with respect to abundance.  
P. astreoides and M. meandrites were subordinate taxa as were the other 19 
species inventoried in this assemblage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5  Fractional abundance and area cover for hard coral taxa in Assemblage C 
Dominant, subdominant (area cover), subdominant (abundance), and subordinate taxa shown in upper right, 
upper left, lower right and lower left quadrants, respectively.  Taxa abbreviations are the same as in Figure 
4.4.   Black rectangle at axis indicates positions of the other 19 species inventoried.  
 
Discussion 
Common population structures in Broward County 
Moyer et al. (2003) conducted a census in Broward County which categorized the reef 
faunal communities as predominantly soft corals with sponges, few hard corals and, in 
certain locations, other benthic fauna (the most common of which was the mat zoanthid, 
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Palythoa caribaeorum).  Despite differing methods, the results of the study described 
herein closely resembled those from the aforementioned work (e.g. dominant reef fauna, 
number of species inventoried, benthic cover) (Table 4.5).   However, the increased 
sampling effort and area analysis of this study provided greater detail with respect to the 
reef community structures.  Cluster analysis indicated that the majority of hard coral 
population structures were remarkably similar throughout Broward County (Figure 4.2) 
despite (i) interspecific competition by macroalgae/turf and other fauna for available 
substrate and (ii) environmental gradients across the reef tracts and corridors (e.g. depth, 
light availability, storm surge impact, water temperature, local oceanic conditions, and 
proximity to anthropogenic point sources such as ports and outflow pipes).  Generally, 
Broward County hard coral populations cover 1-4% of the benthic area and are 
comprised of five common species with respect to abundance and area cover (Table 4.6) 
with approximately 20 additional uncommon or rare hard coral taxa. 
 
Four of the five most abundant hard corals (Siderastrea spp., S. intersepta, P. astreoides 
and M. meandrites) had size frequency distributions and mean colony sizes that were 
statistically similar across the reef tracts (excepting S. intersepta along the ridge 
complex) (Figures 4.3-4.4), which indicated either minimal sensitivity of these corals to 
environmental gradients or strategies that stabilized their population structures (Meesters 
et al. 2001).  The size distributions of these coral groups were skewed to the right with 
the majority of the colonies in Size Classes 1-2 (surface areas ≤50 cm2).  Right-skewed 
distribution patterns are common among reefs around the world as hard coral populations 
have been shown to have a higher abundance of smaller individuals while the larger 
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colonies comprise most of the biomass (e.g. Hughes et al 1992; Bythell et al. 1993; 
Soong 1993; Lewis 1997).   
 
 
Table 4.5  Comparison of Broward County reef surveys 
The north, central and south corridors in this study coincide with Corridors 1, 3 and 4, respectively, from 
Moyer et al. (2003).    
 
 Moyer et al. (2003) This study 
Method 50-m point intercept transects with in-
situ identification at 1 m intervals (% 
cover based on abundance) 
3m x 4m photo quadrats with 
identifications during post-dive image 
analysis (% cover based on area) 
Sampling Effort 23 sites (140 transects) 99 sites (198 quadrats) 
Dominant reef fauna Soft corals > sponges > hard corals Soft corals > sponges > hard corals 
Dominant hard coral Montastraea cavernosa Montastraea cavernosa 
Number of hard coral 
species inventoried 
27 25 
Benthic Area Cover 
Algae/Substrate 
Soft Corals 
Sponges 
Hard Corals 
Other Fauna 
 
57-76% 
10-32% 
  4-14% 
    3-6% 
  0-13% 
 
63-86% 
  6-26% 
  3-15% 
    1-4% 
    0-5% 
 
 
 
 
Table 4.6 Characteristics of typical hard coral communities in Broward County 
Size classes are described in Table 2.1.  
Principal Hard 
Coral Taxa 
Hierarchy Mean 
Density 
(colonies/m
2
) 
Mean (± SE) 
Colony Size 
(cm
2
) 
Across-Reef 
Size 
Distribution 
Predominant 
Size Class 
Montastraea 
cavernosa 
Dominant 0.3 230 (16.1) Variable 
Ridge   - 5 
Inner    - 5 
Middle - 2 
Outer   - 2 & 5  
Siderastrea spp. Subdominant 
(abundance) 
0.4 23 (1.9) Similar 1 
Stephanocoenia 
intersepta 
Subdominant 
(abundance) 
0.3 19 (1.6) 
Similar 
(except ridge) 
Ridge  - 1 & 2 
I, M, O - 1 
Meandrina 
Meandrites  
Subordinate 0.1 134 (24.1) Similar 2 
Porites astreoides Subordinate 0.1 53 (4.3) Similar 2 
 122 
Only M. cavernosa displayed variable sensitivity to reef-specific conditions with (i) 
strongly left-skewed distributions on the ridge complex and inner reef with the majority 
of the colonies in Size Class 5; (ii) moderately right-skewed distributions (i.e. primarily 
Size Class 2-3 colonies) on the middle reef; (iii) and a bimodal community on the outer 
reef with shared characteristics of the inner and middle reefs.  Although not tested in this 
study, possible causes for the left-skewed distributions at certain sites include (i) low 
recruitment such that the existing populations are growing without replenishment or (ii) 
high mortality of recruits and colonies <200 cm
2
 (Bak & Meesters 1998; Meesters et al. 
2001; Smith et al. 2005).    Perhaps recruitment pulses or environmental conditions 
allowed M. cavernosa to outcompete the other massive corals for some period, resulting 
in an abundance of SC5 M. cavernosa across the reef tracts in relation to other species.  
Since that period, conditions may have changed to such partial mortality of the SC5 
colonies is causing a transition towards smaller sizes classes (e.g. the bimodality on outer 
reef could be an intermediate step between the left-skewed distributions of the ridge 
complex/inner reef and the right-skewed distribution of middle reef).  Recruitment 
studies and repetitive monitoring to track the survival, growth and partial mortality of 
individual colonies could shed light on the life history processes that structure the M. 
cavernosa populations across the reef tracts as well as on the differences in size 
frequency distributions between M. cavernosa and the other abundant hard corals on the 
ridge complex and inner reef.   
 
Interestingly, several hard coral species responded differently to environmental gradients 
than elsewhere in the Caribbean.  For example, the M. cavernosa size frequency 
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distributions, which were found to vary significantly across the reef tracts in this study, 
were insensitive to environmental gradients across a four-site study area in Curacao 
(Meesters et al. 2001).  Conversely, Siderastrea siderea, P. astreoides and M. meandrites 
distributions varied significantly across the same Curacao sites (Meesters et al. 2001) but 
were insensitive to environmental gradients in this study.   These results demonstrate that 
different hard coral species have different degrees of environmental sensitivity (i.e. 
certain taxa are largely impacted while others are unaffected; Bak & Meesters 1998) and 
that the sensitivity of a particular species can vary between regions (i.e. the most sensitive 
species in one locale may be the least sensitive in another). 
 
Atypical hard coral communities 
Not all sites within Broward County conform to the common population structure 
described in this study.  Vargas-Angel et al. (2003) reported a dozen discrete thickets of 
Acropora cervicornis (5-26% benthic area cover) offshore the ridge complex between the 
central and northern corridors.  Gilliam et al. (2007) reported sites along the inner reef 
with high A. cervicornis (40%) and hard coral (12%) cover.  Such anomalous sites were 
excluded from this study in order to better describe hard coral communities from a large-
scale habitat perspective. 
 
Cluster analysis identified Assemblages A and B, each with an atypical community 
structure and limited to a particular corridor-reef section (Figures 4.1-4.2).  S. bournoni 
was dominant with respect to area cover in Assemblage A, contributing 85% of the live 
hard cover area cover, yet it was not inventoried in the Assemblage B sites and 
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contributed just 2% of the live hard coral area cover within Assemblage C.  Similarly, D. 
clivosa was among the dominant corals with respect to area cover in Assemblage B, 
contributing 15% of the live hard coral area cover and with 5 of its 17 colonies (30%) 
exceeding 400 cm
2
, yet surveys found only one colony within Assemblage C and no 
colonies in Assemblage A.    
 
In general, the reef fauna of Broward County increases from north to south and the 
proportion of living faunal cover increases seaward (Moyer et al. 2003) which may be 
attributed to factors such as temperature variations, planktonic larval supply, substrate 
characteristics, and wave energy (Banks et al. 2008).  Such environmental conditions 
could explain the virtual absence of M. cavernosa from Assemblage A in the north-ridge, 
where a single colony of this otherwise dominant species was observed within the study 
sites.  However, the atypical congregation of S. bournoni colonies in the north-ridge and 
the massive growth of D. clivosa in the central-ridge are not as easily explained.  
Additional studies that investigate species-specific settlement, survivability and size class 
transitions within the assemblages are recommended.   
 
Conclusions 
Typical coral communities within Broward County have been characterized as follows:  
(i) soft corals and sponges are the predominant reef fauna, (ii) hard coral area cover is 
≤4%, (iii) M. cavernosa (dominant), Siderastrea spp., and S intersepta (subdominant), 
and P astreoides and M. meandrites (subordinate) are the most abundant taxa, (iv) hard 
coral communities are comprised primarily of small colonies with surface areas ≤50 cm2, 
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and (v) approximately 20 additional species exist within these typical communities as 
subordinate or uncommon individuals. 
 
High latitude coral communities such as Broward County are often termed “marginal” 
because they exist (i) near known or reasonably assumed physiological or biogeographic 
survival thresholds, (ii) in areas characterized by sub-optimal, fluctuating environmental 
conditions, or (iii) in sub-optimal community conditions (e.g. low cover, diversity, 
health) (Guinotte et al. 2003).  Analysis of these hard coral populations may provide 
insight into the future status of “optimal” reefs that become increasingly exposed to 
marginal conditions as a result of local, regional or global environmental changes (Perry 
& Larcombe 2003).   If Broward County does indeed offer a glimpse into the future of 
the Florida Keys and the Caribbean, these tropical coral reefs may experience noticeable 
changes including shifts in dominant hard coral taxa toward M. cavernosa, transitions to 
smaller mean colony sizes, and decreases in density and area cover.  Long-term 
demographic studies are recommended to track any such changes to the reef community 
structures.  
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Chapter 5  DEMOGRAPHICS AND POPULATION DYNAMICS PROJECT THE FUTURE OF 
HARD CORAL COMMUNITIES IN ADJACENT HIGH LATITUDE REGIONS (UNITED ARAB 
EMIRATES)  
 
Introduction 
The coral communities in the territorial waters of the United Arab Emirates have recently 
been exposed to a series of natural disturbances that have had significant impacts on the 
branching and tabular Acropora and Pocillopora spp. colonies.  The elevated temperature 
anomalies in 1996, 1998 and 2002 were associated with the mass mortality of up to 99% 
of the acroporids in the southeastern Arabian Gulf (i.e. Abu Dhabi and Dubai) (Riegl 
1999, 2002, 2003).  Cyclone Gonu damaged >50% of the acroporids in the northwestern 
Gulf of Oman (e.g. Fujairah) in 2007 (Foster et al. 2011).  The Cochlodinium 
polykrikoides harmful algal bloom (HAB) resulted in the mass mortality of Pocillopora 
damicornis during 2008 in the same areas that were impacted by the cyclone the previous 
year (Marquis & Trick 2009; Richlen et al. 2010; Foster et al. 2011).  The 
aforementioned disturbances had lesser effects on the massive coral populations, with 
greater than 75% survival of poritids and faviids during each event (Riegl 1999, 2003; 
Foster et al. 2011).  Coral dominance in both regions has shifted from the highly 
susceptible branching and tabular species to the more resistant massive species.  Whether 
these shifts are short-lived or persistent depends on many factors including (i) recruitment 
of new acroporids and pocilloporids from local surviving colonies and from remote larval 
sources (Burt et al. 2008; Riegl & Purkis 2009; Chapter 2 of this dissertation), (ii) rates of 
recovery compared to the frequency of disturbance events; and (iii) recruitment and 
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growth of massive corals into the benthic space made available by the loss of the tabular 
and branching colonies. 
 
Global climate change is predicted to increase the frequency, intensity and duration of 
disturbances that impact coral reefs (e.g. Hoegh-Guldberg 1999; Sheppard 2003; 
Emanual 2005; Webster et al.  2005).  A potential consequence is that taxa susceptible to 
environmental disturbances (i.e. branching and tabular acroporids and pocilloporids) 
would, at best, persist in a constant state of recovery or, at worst, become locally 
extirpated while the resistant taxa (i.e. massive poritids and faviids) would become the 
dominant reef builders.   Under such circumstances, it will be the fates of the surviving 
massive corals that shape future coral communities in the southeastern Arabian Gulf , the 
northwestern Gulf of Oman, and, by extension, other similarly structured coral reefs (if 
high latitude communities are indeed the precursors to tropical coral reefs influenced by 
climate change (Perry & Larcombe 2003; Riegl & Purkis 2009)). 
 
The objectives of this study are to (i) describe the demographics and dynamics of the 
massive coral communities in the southeastern Arabian Gulf and the northwestern Gulf of 
Oman, (ii) use the vital rates, based on temporal comparisons of individual colonies, to 
develop size class transition probability matrices, and (iii) project the size frequency 
distributions, population sizes and live coral area cover for these communities over the 
next 40 years. 
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Methods 
Annual Population Surveys 
Hard coral populations were surveyed annually in the southeastern Arabian Gulf and 
northwestern Gulf of Oman between 2006 and 2009 (Figure 5.1, Table 5.1).  Permanent 
monitoring stations were installed at each site to allow for repetitive photographic 
surveys of benthic areas and specific coral colonies.  Digital images were taken along 
three 10m x 1.5m belt transects within each monitoring station.  Images were joined into 
a single mosaic for each belt transect.  Colonies were traced using Coral Point Count 
(CPCe) (Kohler & Gill 2006) and identified to species. CPCe calculated colony surface 
areas (planar view) based on the known interior area of the photo-framer (0.75m x 0.5m) 
which was visible within each image.  Massive colonies were grouped into the same five 
size-dependent classifications used previously in this dissertation to provide size 
frequency distributions (Table 2.1).   Size class counts were pooled by taxonomic family 
and by regional assemblages (i.e. multiple sites determined by hierarchical cluster 
analysis and multi-dimensional scaling to have statistically similar hard coral area cover) 
in order to increase sample sizes for between-region comparisons.   
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Figure 5.1 Map of southeastern Arabian Gulf and northwestern Gulf of Oman study areas 
(left) Map of Arabian Gulf and surrounding region, study areas are outlined; (right top) Study area “A” 
locations in the southeastern Arabian Gulf; (right bottom) Study area “B” locations in the northwestern 
Gulf of Oman.  Red circles indicate monitoring station locations.   
 
 
 
Table 5.1  Descriptions of repetitive monitoring sites in the southeastern Arabian Gulf and 
northwestern Gulf of Oman 
 
Station Site Name Depth (m) Location Region Assemblage Year(s) 
YST Yasat Ali 3.0-4.7 Island SE Arabian Gulf AGX 2006-09 
BTN1 Bu Tinah North 1.8-3.6 Island SE Arabian Gulf AGX 2006-09 
BTN2 Bu Tinah West 2.0-3.5 Island SE Arabian Gulf AGX 2006-08 
AHL Al Hiel 2.6-4.2 Island SE Arabian Gulf AGX 2006-09 
SDT Saadiyat 5.7-7.2 Coastal SE Arabian Gulf AGZ 2007-09 
GHN Ras Ghanada 7.6-8.5 Coastal SE Arabian Gulf AGZ 2007-09 
DS Dibba South 6.7-8.1 Coastal NW Gulf of Oman  GO 2007-09 
MN Mirbah North 4.5-6.9 Coastal NW Gulf of Oman GO 2007-09 
 
 
Size Class Transitions 
A number was assigned to each massive coral that appeared as a whole colony within 
the photo mosaics.  Existing colony fates and new colony recruitment into the transect 
areas were recorded over time.    Colonies were considered to have experienced growth, 
size class stability, partial mortality, fission, fusion or whole colony death based on their 
respective annual transitions between size classes.   
 
DS
MN
“B”
Dubai
Fujairah
YST
BTN1
BTN2
AHL
SDT
GHN
Abu 
Dhabi
“A”
A
B“A”
“B”
Oman
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Recruitment - A colony observed at time (x+1) was considered to be a new recruit if it 
was not observed within the survey transect at time (x) and if it did not obviously 
originate from fission.   Several simplifying assumptions were made in order to estimate 
the recruitment probabilities: (i) each site was a closed system with recruitment from 
local colonies only, (ii) SC 1 colonies were non-reproductive regardless of age, (iii) all 
SC 2-5 colonies were reproductive, and (iv) colonies within a given taxonomic group had 
the same number of polyps per cm
2
 and the same fecundity per polyp.  Recruitment was 
incorporated into the size class transition matrices by assigning proportional probabilities 
based on surface area (e.g. a 100 cm
2
 colony would be 10x more likely to generate a 
successful recruit than a 10 cm
2
 colony). 
 
Fission - A colony observed at time (x) was considered to have undergone fission if 
multiple ramets were observed in the same location at time (x +1) with bare skeleton 
between the ramets.  The surface areas of the ramets were pooled to determine an 
equivalent size class for the fragmented colony at time (x + 1).  Size class transitions 
were recorded as partial mortality. 
 
Fusion - Multiple colonies observed at time (x) were considered to have fused to form a 
single colony at time (x + 1) if the colonies were observed in the same location along the 
survey transect during both time periods and if the previously exposed skeleton that had 
separated the colonies was covered by connective tissue at time (x + 1).  The surface 
areas of the pre-fused colonies were pooled to determine an equivalent size class for a 
single colony at time (x).  Size class transitions were recorded as growth. 
 131 
 
The annual size class transition probabilities were determined for faviids, poritids and all 
massive corals (i.e. faviids, poritids, siderastreids, and dendrophylliids) in each of the 
assemblages for 2006-07, 2007-08 and 2008-09.  Transition matrices, based on the mean 
probabilities for these years, were used to project coral community structures, assemblage 
populations and coral area covers.  The dominant eigenvalues (i.e. population growth 
rates), stable size class distributions, sensitivities and elasticities for the transition 
matrices were calculated using PopTools add-in for Excel.  Sensitivities and elasticities 
are measures of perturbation analyses that quantify the relative contribution of each vital 
rate to the population growth by adjusting each rate by a specific amount and by a 
specific proportion, respectively (Caswell 2001; Owen-Smith 2007).  
 
The projections described above are idealized forecasts that assume current parameters 
(e.g. environmental conditions, coral vital rates, mean colony surface areas) remain 
unchanged over time (Caswell 2001; Owen-Smith 2007).  For comparison, alternative 
disturbance scenarios were calculated for the southeastern Arabian Gulf assemblages 
whereby mass mortality events occur every 16 years (i.e. the midpoint between the 15-17 
year disturbance interval for the region), resulting in the death of 25% of the massive 
corals (Riegl & Purkis 2009) while the population dynamics for the surviving 75% of the 
corals remain unchanged.  Although the Gulf of Oman does not experience the same 
disturbances as the southeastern Arabian Gulf (Chapter 3), similar mass mortality events 
were modeled for the region to demonstrate the impact of such events.  
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The Assemblage AGX matrices for poritids and all massive corals were validated with an 
independent dataset from the Makaseb site (which is compositionally similar to the AGX 
sites, see Chapter 2) that included colonies measured in 2006 and again in 2009.  (The 
faviids matrix could not be similarly checked because the sample size of faviids in 
Makaseb was too small.)  Kolgomorov-Smirnov comparisons tested for significant 
differences between the actual and projected 2009 distributions.  Independent data sets 
were not available to validate the AGZ assemblage.  Instead, these matrices (along with 
the Assemblage AGX matrices) were checked with a subset of the data that was used to 
create the matrices and was comprised of only those colonies and recruits that were 
repetitively measured during every annual survey.  While such tests were not true 
quantitative accuracy assessments, they did check for substantial errors in matrix 
development and in short-term projections.  The matrices for Assemblage GO were based 
on a single set of transitions (2007-08) rather than on the mean of multiple sets of 
transitions.  The projected results were identical to the observed results and further 
validation was not possible. 
 
Results 
Hard Coral Assemblages 
Cluster analysis differentiated three hard coral assemblages (designated AGX, AGZ and 
GO), each with >80% between-site similarity (Figure 5.2).  AGX and AGZ are subsets of 
the southeastern Arabian Gulf sites (i.e. those that were repetitively monitored) from 
assemblages X and Z whose hard coral populations were described in Chapter 2, 
respectively, as sparsely and moderately populated by P. harrisoni and other massives.  
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Assemblage GO consisted of two sites along the northwestern coast of the Gulf of Oman 
that were described in Chapter 3 as moderately populated by Favia spp., Platygyra 
daedalea and other massive corals.  Following are descriptions of the massive coral 
demographics in each of the assemblages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2  Coral assemblages by cluster analysis and multi-dimensional scaling 
(upper) Bray-Curtis similarity cluster analysis depicting three assemblages.  (lower) MDS graphic 
representation with ovals around assemblages indentified by dendrogram.   
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Assemblage AGX   
Demographics 
Assemblage AGX was comprised of four sites within the southeastern Arabian Gulf: Bu 
Tinah North, Bu Tinah West, Yasat and Al Hiel.   The Bu Tinah West monitoring station 
was damaged between 2007 and 2008, presumably as a result of winter storms; therefore, 
2007-2008 and 2008-2009 temporal comparisons were based on the three remaining sites.  
The massive corals results were almost exclusively influenced by the poritid and faviid 
communities as only two other colonies, both Siderastrea savignyana, were observed 
within the transect areas. The annual demographics for Assemblage AGX are shown in 
Table 5.2.   
 
Table 5.2  Population Sizes for Assemblage AGX (2006-2009) 
* = includes Bu Tinah West; SC = Size class. 
 
 
 
 
 Faviids Poritids All Massives 
 06-07* 07-08 08-09 06-07* 07-08 08-09 06-07* 07-08 08-09 
Population Size in Beginning Year        
SC1 11 5 5 154 54 34 165 60 40 
SC2 21 16 13 126 67 63 147 83 76 
SC3 18 27 26 55 57 39 73 84 65 
SC4 14 15 10 46 49 49 60 64 59 
SC5 4 5 9 74 69 99 78 74 108 
Total 68 68 63 455 296 284 523 365 348 
Colonies/m
2
 0.38 0.50 0.47 2.53 2.19 2.10 2.91 2.70 2.58 
Recruitment          
No. recruits (R) 2 0 5 29 11 38 31 11 43 
Recruits/m
2
 0.01 --- 0.04 0.16 0.08 0.28 0.17 0.08 0.32 
Mortality          
    No. deaths (M) 4 6 10 65 45 31 69 52 42 
Deaths/m
2
 0.02 0.04 0.07 0.36 0.33 0.23 0.38 0.39 0.31 
Population Change in Ending Year        
No. colonies (R-M) -2 -6 -5 -36 -34 +7 -38 -41 +1 
% change -2.9% -8.8% -7.9% -7.9% -11.5% +2.5% -7.3% -11.2% +0.3% 
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Recruitment varied annually (R2009 > R2007 > R2008) for faviids and poritids.  Further 
investigations are required to identify temporal variation patterns, if any, and possible 
contributing factors.  Faviid mortality increased each year while poritids mortality 
decreased.  The opposing mortality trends suggest different survival strategies between 
taxa under “typical” localized environmental conditions (e.g. no temperature anomalies, 
disease outbreaks) which also require further study.  Faviid mortality exceeded 
recruitment each year, with a mean annual decrease in the population size of 6.5%.  The 
poritids population size decreased in 2007 and 2008 but increased in 2009 which resulted 
in a mean annual population decrease of 5.6%. 
 
Growth, size class stability and partial mortality demographics are given in Table 5.3.  
Approximately one-fifth of the colonies grew into the next larger size class between 
monitoring periods while one-half of the population remained within the same size class 
(i.e. the surface area of a given colony may have changed but the net result was to remain 
within the size range).  A high proportion of size stability is not unexpected as it may take 
a colony several years to transition into a larger size class based on an annual growth rate 
of 1-2 cm for massive corals in this region (Riegl & Purkis 2009).  A smaller subset, 3-
12% of the population, experienced partial mortality and transitioned into a smaller size 
class. 
 
Fission was recorded 42 times (3% of the total possible transitions) between 2006 and 
2009 (Table 5.4).  On average, 2.3 ramets were generated per parent colony.  
Comparisons of the parent colony size classes to the ramet size class equivalents (i.e. the 
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size class that corresponded with the pooled surface areas of all ramets from a given 
parent colony) indicated that 21% of the fissions resulted in transitions to smaller size 
classes (partial mortality).  The majority (79%) of the pooled ramets were in the same 
size classes as their respective parent colonies (size class stability). 
 
Fusion was recorded 24 times among the poritids (2% of the total possible transitions) 
during the study period (Table 5.5).  Fusion was not observed among the faviids.  On 
average, 2.3 ramets grew together to generate a fused colony.  Comparisons of the fused 
colony size classes to the ramet size class equivalents (i.e. the size class that 
corresponded with the pooled surface areas of all ramets that fused into a given colony) 
indicated that one-third of the fusions resulted in transitions to larger size classes 
(growth).  Two-thirds of the fused colonies were in the same size classes as their 
respective pooled ramets (size class stability).  
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Table 5.3  Growth, Size Class Stability and Partial Mortality for Assemblage AGX (2006-2009) 
Values exclude colonies and ramets that underwent fission and fusion. * = includes Bu Tinah West.   
 
 
 
Table 5.4  Fission – Parent Colonies and Ramets for Assemblage AGX (2006-2009) 
* = includes Bu Tinah West 
 
 
 Faviids Poritids All Massives 
 06-07* 07-08 08-09 06-07* 07-08 08-09 06-07* 07-08 08-09 
Growth        
SC1 => SC2 1 1 2 33 14 6 34 15 8 
SC2 => SC3 9 6 3 19 14 20 28 20 23 
SC3 => SC4 2 3 6 16 22 13 18 25 19 
SC4 => SC5 2 5 2 11 22 18 13 27 20 
Total 14 15 13 79 72 57 93 87 70 
% of population 20.6% 22.1% 20.6% 17.4% 24.3% 20.1% 17.8% 23.8% 20.1% 
Colonies/m
2
 0.08 0.11 0.10 0.44 0.53 0.42 0.52 0.64 0.52 
Size Class Stability          
SC1 7 1 2 67 13 10 74 14 12 
SC2 11 6 3 54 30 29 65 36 32 
SC3 12 18 14 26 20 17 38 38 31 
SC4 11 8 6 22 17 20 33 25 26 
SC5 3 4 9 62 54 82 65 58 91 
Total 44 37 34 231 134 158 275 171 192 
% of population 64.7% 54.4% 54.0% 50.8% 45.3% 55.6% 52.6% 46.8% 55.2% 
Colonies/m
2
 0.24 0.27 0.25 1.28 0.99 1.17 1.53 1.27 1.42 
Partial Mortality          
SC5 => SC4 1 1 0 6 5 6 7 6 6 
SC5 => SC3 0 0 0 4 1 1 4 1 1 
SC5 => SC2 0 0 0 0 1 0 0 1 0 
SC5 => SC1 0 0 0 0 0 0 0 0 0 
SC4 => SC3  0 1 0 10 5 6 10 6 6 
SC4 => SC2 0 1 1 0 0 1 0 1 2 
SC4 => SC1 0 0 0 0 0 0 0 0 0 
SC3 => SC2 1 4 1 6 8 2 7 12 3 
SC3 => SC1 0 0 1 3 1 1 3 1 2 
SC2 => SC1 0 0 0 26 6 6 26 6 6 
Total 2 7 3 55 27 23 57 34 26 
% of population 2.9% 10.3% 4.8% 12.1% 9.1% 8.1% 10.9% 9.3% 7.5% 
Colonies/m
2
 0.01 0.05 0.02 0.31 0.20 0.17 0.32 0.25 0.19 
 Faviids Poritids All Massives 
 06-07* 07-08 08-09 06-07* 07-08 08-09 06-07* 07-08 08-09 
Colonies that underwent fission        
SC1 0 0 0 1 0 0 1 0 0 
SC2 1 1 0 9 2 2 10 3 2 
SC3 2 2 2 1 1 2 3 3 4 
SC4 1 0 1 1 4 1 2 4 2 
SC5 0 0 0 1 5 2 1 5 2 
% of population 5.9% 4.4% 4.8% 2.9% 4.1% 2.5% 3.2% 4.1% 2.9% 
Colonies/m
2
 0.02 0.02 0.02 0.07 0.09 0.05 0.09 0.11 0.07 
Ramets          
Mean # of ramets 2.0 3.0 2.3 2.1 2.5 2.3 2.2 2.5 2.3 
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Table 5.5  Fusion – Ramets and Fused Colonies for Assemblage AGX (2006-2009) 
* = includes Bu Tinah West 
 
 
 
Size Class Transition Matrices and Projections 
 
Mean transition probability matrices were developed for faviids, poritids and all massive 
corals in Assemblage AGX (Table 5.6).  The mean reproduction probabilities were 
incorporated into the first row of the respective matrix to account for the probability of 
each SC(x) colony generating a SC1 recruit.  The probabilities of survival and whole 
colony death increased and decreased, respectively, with increasing size class (SC4 and 
SC5 having similar probabilities). 
 
 
 Faviids Poritids All Massives 
 06-07* 07-08 08-09 06-07* 07-08 08-09 06-07* 07-08 08-09 
Fused colonies        
SC1 0 0 0 2 0 0 2 0 0 
SC2 0 0 0 1 1 0 1 1 0 
SC3 0 0 0 8 1 1 8 1 1 
SC4 0 0 0 0 0 2 0 0 2 
SC5 0 0 0 0 3 5 0 3 5 
% of population 0 0 0 2.4% 1.7% 2.8% 2.1% 1.4% 2.3% 
Colonies/m
2
 0 0 0 0.06 0.04 0.06 0.06 0.04 0.06 
Ramets per fused colony          
Mean # of ramets 0 0 0 2.5 2.0 2.4 2.5 2.0 2.4 
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Table 5.6  Transition Probability Matrices for Assemblage AGX  
Columns depict starting state, rows depict ending fate.  Rows for SC1
+
 include recruitment probability and 
partial mortality from larger colonies to SC1.  Total = probability of existing colony survival plus 
recruitment; r = recruitment probability; s = probability of colony survival; d = probability of whole colony 
death (1-s). 
 
 
A.  Faviids 
 SC1 SC2 SC3 SC4 SC5 
 SC1
+
 0.412 0.012 0.073 0.048 0.052 
SC2 0.230 0.413 0.081 0.056 0.000 
SC3 0 0.345 0.699 0.056 0.000 
SC4 0 0 0.151 0.663 0.150 
SC5 0 0 0 0.225 0.850 
Total 0.642 0.770 1.004 1.048 1.052 
r  0.012 0.048 0.048 0.052 
s 0.642 0.758 0.956 1.000 1.000 
d 0.358 0.242 0.044 0.000 0.000 
 
B.  Poritids 
 SC1 SC2 SC3 SC4 SC5 
SC1
+
 0.330 0.151 0.057 0.045 0.250 
SC2 0.223 0.490 0.106 0.014 0.005 
SC3 0 0.244 0.470 0.162 0.026 
SC4 0 0 0.337 0.452 0.080 
SC5 0 0 0 0.359 0.876 
Total 0.553 0.885 0.970 1.032 1.237 
r  0.015 0.024 0.045 0.250 
s 0.553 0.870 0.946 0.987 0.987 
d 0.447 0.130 0.054 0.013 0.013 
 
C.  All Massive Corals 
 SC1 SC2 SC3 SC4 SC5 
SC1
+
 0.333 0.130 0.062 0.051 0.231 
SC2 0.224 0.475 0.100 0.022 0.005 
SC3 0 0.260 0.540 0.137 0.025 
SC4 0 0 0.279 0.499 0.083 
SC5 0 0 0 0.331 0.875 
Total 0.557 0.865 0.981 1.040 1.219 
r  0.016 0.031 0.051 0.231 
s 0.557 0.849 0.950 0.989 0.988 
d 0.443 0.151 0.050 0.011 0.012 
 
 
The stable size class distributions (i.e. the eigenvectors associated with the dominant 
eigenvalues), dominant eigenvalues and damping ratios are shown in Table 5.7.  The 
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dominant eigenvalues for Assemblage AGX were <1 which result in long-term 
population decay for each of the taxa groups (Caswell 2001).  The damping ratios were 
1.2 for faviids and 1.5 for poritids and all massive corals, indicating that the latter taxa 
groups approach asymptotic behavior (stability) faster than the faviids (Westerberg & 
Wennergren 2007). 
 
 
Table 5.7  Stable Size Class Distributions, Dominant Eigenvalues 
and Damping Ratios for Assemblage AGX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Assemblage AGX matrices were tested with a subset of the original AGX data and 
with an independent data set from the Makaseb site (Table 5.8).  For each taxa group and 
dataset, Kolgomorov-Smirnov comparisons indicated no significant differences between 
the projected and actual population distributions (α = 0.05).  The projected populations 
for the AGX data subset were 3-5% smaller than the actual ending populations whereas 
the projected Makaseb populations were 0-2% larger than the actual ending populations.  
While such tests did not provide quantitative accuracy assessments, they did support that 
no substantial errors in the matrix development and short-term projections were 
encountered.   
 FAV POR ALL 
Stable SC Distributions  
SC1 0.081 0.204 0.191 
SC2 0.078 0.123 0.118 
SC3 0.144 0.120 0.134 
SC4 0.266 0.136 0.145 
SC5 0.431 0.416 0.411 
Dominant Eigenvalue    
λ 0.989 0.993 0.992 
Real or complex Real Real Real 
Damping Ratio    
    λ1/|λ2| 1.2 1.5 1.5 
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Table 5.8  Comparisons of Actual versus Projected Populations for Assemblage AGX (2006-2009)  
Act = Actual population in 2009; Proj = Projected population in 2009; K-S = Kolgomorov-Smirnov 
statistical comparison of distributions, n/s = not significant. 
 
 A.  Population Distributions - Proportions 
   AGX Data Subset    Makaseb Data  
 Faviids Poritids All Massives Poritids All Massives 
 Act Proj Act Proj Act Proj Act Proj Act Proj 
 SC1 0.14 0.09 0.23 0.19 0.22 0.17 0.00 0.03 0.00 0.03 
SC2 0.14 0.14 0.10 0.15 0.10 0.15 0.06 0.02 0.06 0.02 
SC3 0.29 0.32 0.12 0.16 0.14 0.18 0.02 0.03 0.03 0.03 
SC4 0.21 0.25 0.16 0.16 0.17 0.17 0.02 0.03 0.02 0.03 
SC5 0.21 0.20 0.40 0.35 0.37 0.33 0.05 0.05 0.04 0.05 
K-S  n/s  n/s  n/s  n/s  n/s 
Dmax  0.043  0.052  0.042  0.254  0.219 
Dcrit  0.300  0.134  0.123  0.338  0.312 
 
 B.  Population Distributions - Colony Counts 
   AGX Data Subset    Makaseb Data  
 Faviids Poritids All Massives Poritids All Massives 
 Act Proj Act Proj Act Proj Act Proj Act Proj 
 SC1 6 4 48 39 54 42 0 6 0 6 
SC2 6 5 20 30 26 35 13 5 14 6 
SC3 12 13 24 32 36 45 5 6 8 8 
SC4 9 10 33 31 42 40 4 6 5 7 
SC5 9 8 83 71 92 79 10 10 11 11 
Total 42 40 208 203 250 242 32 33 38 38 
%  95%  97%  97%  102%  100% 
 
 
 
Sensitivity and elasticity matrices are displayed graphically as surface plots in Figure 5.3.  
All plots show that the dominant eigenvalues, λ, were most affected by changes in the 
upper right corners of the transition matrices which corresponded to the stability of the 
SC5 colonies.  Sensitivities for the faviids were also affected, in decreasing order, by the 
partial mortality of SC5 colonies into SC4, the growth of SC4 colonies into SC5 and the 
stability of SC4 colonies.  Sensitivities for the poritids and all massive corals were also 
affected, in decreasing order, by the partial mortality of SC5 colonies into SC4 and SC3. 
 142 
 
Figure 5.3  Sensitivity and Elasticity Analysis Results for Assemblage AGX Transition Matrices 
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The Assemblage AGX matrices were used to project populations through 2050 for the 
taxa groups within the larger Assemblage X (i.e. Bu Tinah North, Al Hiel, Yasat and 
Makaseb) (Figures 5.4-5.5).  The results for the disturbance-free scenarios were as 
follows: 
 
 The taxa groups were projected to reach a steady size class distribution around 
2015-2020 although the population size continued to decline throughout the 
projection period (i.e. mortality was greater than recruitment).   
 The numbers of colonies in 2050 were projected to be 47%, 63% and 61% of the 
2009 starting populations for faviids, poritids, and all massive corals, respectively. 
 The area covers were projected to increase through 2015-2020, due to the 
temporary increase in the number of SC5 colonies, then to gradually decrease. 
  The live coral area covers in 2050 were projected to be 83%, 95% and 93% of the 
2009 area covers for faviids, poritids, and all massive corals, respectively.   
 
The mass mortality scenarios showed the further reductions in the number of colonies 
and area cover resulting from a loss of 25% of the massive corals at 16-year disturbance 
intervals.  Assemblage X appeared unlikely to recover from such mass mortality events 
due, in part, to mortality rates exceeding recruitment rates during non-disturbance years. 
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Figure 5.4  Size Class Distribution Projections through 2050 for Assemblage X 
Projections are based on 2009 data for Assemblage X (Bu Tinah North, Al Hiel, Yasat and Makaseb) using 
the mean Assemblage AGX size class transition matrices.  (a-c) Disturbance-free projections, (d-f) 
Disturbance every 16 years with 25% loss of massive corals 
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Figure 5.5  Population and Area Cover Projections through 2050 for Assemblage X 
Projections are based on 2009 data for Assemblage X (Bu Tinah North, Al Hiel, Yasat and Makaseb) using 
the mean Assemblage AGX size class transition matrices.  (Projections for All Massive Corals overlap 
projections for FAV + POR; thus, only projections for ALL are shown.) 
 
 
 
Assemblage AGZ   
Demographics 
Assemblage AGZ was comprised of two sites within the southeastern Arabian Gulf: Ras 
Ghanada and Saadiyat.   The massive corals results were largely influenced by the poritid 
and faviid communities as <2% of the population was comprised of other taxa 
(Siderastrea savignyana, Coscinaria columna and Turbinaria reniformis). The annual 
demographics for Assemblage AGZ are shown in Table 5.9.   
 
 
Table 5.9  Population Sizes for Assemblage AGZ (2007-2009) 
0
200
400
600
800
2000 2010 2020 2030 2040 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
All Fav Por
0%
2%
4%
6%
8%
10%
2000 2010 2020 2030 2040 2050 2060
A
re
a
 C
o
v
e
r 
(%
)
All Fav Por
0
200
400
600
800
2000 2010 2020 2030 2040 2050 2060
All Fav Por
Disturbance –free Projections Disturbance every 16 years
0%
2%
4%
6%
8%
10%
2 00 2010 2020 2030 2040 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
A
re
a
 C
o
v
e
r 
(%
)
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
A
re
a
 C
o
v
e
r 
(%
)
 146 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recruitment varied annually (R2009 >> R2008) and between taxa (%RFAV, 2008 < %RPOR, 2008; 
%RFAV, 2009 > %PPOR, 2009).  Two S. savignyana recruits were inventoried in 2008, but 
none were observed in 2009.  Further investigations are required to identify the temporal 
patterns, if any, and possible contributing factors.  Mortality varied annually (M2009 > 
M2008) and between taxa (%MFAV > %MPOR) suggesting different survival strategies 
under “typical” localized environmental conditions (e.g. no temperature anomalies, 
disease outbreaks) which also require further study.  No mortality was observed among 
the other massive corals. The net results of these population changes were mean annual 
increases of 2.4%, 1.0% and 2.0% for the faviids, poritids and all massive corals, 
respectively. 
 
Growth, size class stability and partial mortality demographics are given in Table 5.10.  
The majority of the population, 70-74%, remained within the same size class each year.  
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Population Size in Beginning Year     
SC1 175 160 18 24 195 184 
SC2 275 310 40 45 322 365 
SC3 149 136 43 35 199 175 
SC4 66 68 39 55 108 126 
SC5 99 95 203 209 304 309 
Total 764 769 343 368 1128 1159 
Colonies/m
2
 8.5 8.5 3.8 4.1 12.5 12.9 
Recruitment       
No. recruits (R) 1 63 7 23 8 88 
Recruits/m
2
 0.01 0.70 0.08 0.25 0.09 0.98 
Mortality       
    No. deaths (M) 6 21 4  19 10 40 
Deaths/m
2
 0.07 0.23 0.04 0.21 0.11 0.44 
Population Change in Ending Year     
No. colonies (R-M) -5 +42 +3 +4 -2 +48 
% change -0.7% +5.5% +0.9% +1.1% -0.2% +4.1% 
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Approximately the same percentage of colonies grew into the next larger size class (12-
15% growth) as did shrink into a smaller size class (10-14% partial mortality). 
 
Table 5.10  Growth, Size Class Stability and Partial Mortality for Assemblage AGZ (2007-2009) 
Values exclude colonies and ramets that underwent fission and fusion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fission was recorded 34 times (1.5% of the total possible transitions) between 2007 and 
2009 (Table 5.11).  On average, 2.2 ramets were generated per parent colony.  
Comparisons of the parent colony size classes to the ramet size class equivalents 
indicated that 21% of the fissions resulted in transitions to smaller size classes (partial 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Growth     
SC1 => SC2 59 47 5 3 65 50 
SC2 => SC3 27 37 14 11 41 49 
SC3 => SC4 17 10 14 11 34 22 
SC4 => SC5 9 7 15 19 25 26 
Total 112 101 48 44 165 147 
% of population 14.7% 13.1% 14.0% 12.0% 14.6% 12.7% 
Colonies/m
2
 1.24 1.12 0.53 0.49 1.83 1.63 
Size Class Stability       
SC1 112 97 10 10 123 107 
SC2 209 227 24 27 240 259 
SC3 92 102 25 16 119 120 
SC4 38 42 16 24 54 68 
SC5 86 78 180 193 268 273 
Total 537 546 255 270 804 827 
% of population 70.3% 71.0% 74.3% 73.4% 71.3% 71.4% 
Colonies/m
2
 5.97 6.07 2.83 3.00 8.93 9.19 
Partial Mortality       
SC5 => SC4 10 10 20 13 30 25 
SC5 => SC3 2 3 0 1 2 4 
SC5 => SC2 1 3 2 0 3 4 
SC5 => SC1 0 1 1 1 1 2 
SC4 => SC3  18 15 6 7 26 22 
SC4 => SC2 0 3 2 4 2 7 
SC4 => SC1 0 1 0 0 0 2 
SC3 => SC2 38 21 4 5 44 27 
SC3 => SC1 1 2 0 1 1 3 
SC2 => SC1 39 42 1 3 40 49 
Total 109 101 36 35 149 145 
% of population 14.3% 13.1% 10.5% 9.5% 13.2% 12.5% 
Colonies/m
2
 1.21 1.12 0.40 0.39 1.66 1.61 
 148 
mortality).  The majority (79%) of the pooled ramets were in the same size classes as 
their respective parent colonies (size class stability). 
 
Table 5.11  Fission – Parent Colonies and Ramets for Assemblage AGZ (2007-2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fusion was recorded 41 times (1.8% of the total possible transitions) during the study 
period (Table 5.12).  On average, 2.2 ramets grew together to generate a fused colony.  
Comparisons of the fused colony size classes to the ramet size class equivalents indicated 
24% of the fusions resulted in transitions to larger size classes (growth) while 76% of the 
fused colonies were in the same size classes as their respective pooled ramets (size class 
stability).  
 
Table 5.12  Fusion – Ramets and Fused Colonies for Assemblage AGZ (2007-2009) 
 
 
 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Colonies that underwent fission     
SC1 0 0 0 0 0 0 
SC2 2 0 1 0 3 3 
SC3 2 1 3 0 5 6 
SC4 2 1 1 1 3 4 
SC5 2 1 15 1 17 19 
% of population 1.0% 0.4% 5.8% 0.5% 2.5% 1.6% 
Colonies/m
2
 0.09 0.03 0.22 0.02 0.31 0.21 
Ramets       
Mean # of ramets 2.1 2.0 2.3 2.0 2.2 2.2 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Fused colonies     
SC1 1 0 0 1 1 1 
SC2 0 5 1 1 1 6 
SC3 3 2 3 1 6 3 
SC4 1 3 1 1 2 4 
SC5 3 3 3 8 6 11 
% of population 1.0% 1.7% 2.3% 3.3% 1.4% 2.2% 
Colonies/m
2
 0.09 0.14 0.09 0.13 0.18 0.28 
Ramets per fused colony       
Mean # of ramets 2.3 2.2 2.1 2.3 2.2 2.2 
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Size Class Transition Matrices and Projections 
 
Mean transition probability matrices were developed for faviids, poritids and all massive 
corals in Assemblage AGZ (Table 5.13).  The probability of death for the faviids and all 
massive corals was roughly tenfold higher for the SC1 colonies compared to the larger 
colonies, with the probability of whole colony mortality approaching zero as the colonies 
achieved SC5.  The probability of poritid mortality decreased with size class as it also 
approached zero for the SC5 colonies. 
 
The stable size class distributions (i.e. the eigenvectors associated with the dominant 
eigenvalues), dominant eigenvalues and damping ratios are shown in Table 5.14.  The 
dominant eigenvalues for faviids and all massive corals were slightly >1, indicating 
gradual population growth for these taxa groups (Caswell 2001).  The dominant 
eigenvalue for poritids was slightly <1, projecting gradual population decay.  The 
damping ratios were 1.2-1.3, indicating similar resilience among taxa groups following a 
disturbance (Westerberg & Wennergren 2007). 
 
`The Assemblage AGZ matrices were checked with a subset of the original AGZ data 
(Table 5.15).  For each taxa group, Kolgomorov-Smirnov comparisons indicated no 
significant differences between the projected and actual population distributions (α = 
0.05).  The projected populations for the AGZ data subset were 1-2% smaller than the 
actual ending populations.  While such tests did not provide quantitative accuracy 
assessments, they did support that no substantial errors in the matrix development and 
short-term projections were encountered.   
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Table 5.13  Transition Probability Matrices for Assemblage AGZ  
Columns depict starting state, rows depict ending fate.  Rows for SC1
+
 include recruitment probability and 
partial mortality from larger colonies to SC1.  Total = probability of existing colony survival plus 
recruitment; r = recruitment probability; s = probability of colony survival; d = probability of whole colony 
death (1-s). 
 
A.  Faviids 
 SC1 SC2 SC3 SC4 SC5 
 SC1
+
 0.623 0.169 0.049 0.045 0.161 
SC2 0.315 0.746 0.205 0.022 0.021 
SC3 0 0.109 0.684 0.247 0.026 
SC4 0 0 0.094 0.597 0.103 
SC5 0 0 0 0.120 0.845 
Total 0.938 1.024 1.032 1.030 1.156 
r  0.030 0.039 0.038 0.156 
s 0.938 0.994 0.993 0.992 1.000 
d 0.062 0.006 0.007 0.008 0.000 
 
B.  Poritids 
 SC1 SC2 SC3 SC4 SC5 
SC1
+
 0.486 0.046 0.016 0.004 0.076 
SC2 0.201 0.600 0.118 0.062 0.005 
SC3 0 0.297 0.519 0.141 0.002 
SC4 0 0 0.320 0.423 0.080 
SC5 0 0 0 0.365 0.905 
Total 0.687 0.943 0.973 0.995 1.068 
r  0.001 0.001 0.004 0.071 
s 0.687 0.942 0.972 0.991 0.998 
d 0.313 0.058 0.028 0.008 0.002 
 
C.  All Massive Corals 
 SC1 SC2 SC3 SC4 SC5 
SC1
+
 0.606 0.136 0.021 0.021 0.141 
SC2 0.303 0.727 0.188 0.037 0.011 
SC3 0 0.131 0.642 0.208 0.010 
SC4 0 0 0.148 0.520 0.090 
SC5 0 0 0 0.219 0.883 
Total 0.909 0.994 0.999 1.005 1.135 
r  0.007 0.010 0.014 0.137 
s 0.909 0.987 0.989 0.991 0.998 
d 0.091 0.013 0.011 0.009 0.002 
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Table 5.14  Stable Size Class Distributions, Dominant Eigenvalues 
and Damping Ratios for Assemblage AGZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.15  Comparisons of Actual versus Projected Populations for Assemblage AGZ (2007-2009)  
Act = Actual population in 2009; Proj = Projected population in 2009; K-S = Kolgomorov-Smirnov 
statistical comparison of distributions, n/s = not significant. 
 
 
A.  Population Distributions - Proportions 
   AGZ Data Subset   
 Faviids Poritids All Massives 
 Act Proj Act Proj Act Proj 
 SC1 0.25 0.23 0.11 0.09 0.21 0.19 
SC2 0.37 0.39 0.08 0.09 0.28 0.30 
SC3 0.20 0.19 0.09 0.10 0.17 0.16 
SC4 0.08 0.08 0.12 0.13 0.09 0.10 
SC5 0.11 0.11 0.61 0.59 0.26 0.25 
K-S  n/s  n/s  n/s 
Dmax  0.020  0.018  0.017 
Dcrit  0.073  0.111  0.060 
 
B.  Population Distributions - Colony Counts 
   AGZ Data Subset   
 Faviids Poritids All Massives 
 Act Proj Act Proj Act Proj 
 SC1 174 163 32 27 212 192 
SC2 258 269 24 27 287 299 
SC3 139 134 28 28 170 166 
SC4 56 54 35 40 95 99 
SC5 78 76 183 176 263 254 
Total 705 696 302 298 1027 1011 
%  99%  99%  98% 
 
 
 
 FAV POR ALL 
Stable SC Distributions  
SC1 0.249 0.095 0.198 
SC2 0.459 0.110 0.365 
SC3 0.198 0.111 0.188 
SC4 0.055 0.138 0.088 
SC5 0.040 0.545 0.161 
Dominant Eigenvalue    
λ 1.010 0.998 1.002 
Real or complex Real Real Real 
Damping Ratio    
    λ1/|λ2| 1.2 1.3 1.2 
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Sensitivity and elasticity matrices are displayed graphically as surface plots in Figure 5.6.  
The faviid plots show that the dominant eigenvalue was most affected by changes in the 
left half of its transition matrix which corresponded to the SC1-3 colonies. Sensitivity for 
the faviids were affected, in decreasing order, by the growth of SC2 colonies into SC3, 
the stability of SC2 colonies, the partial mortality of SC2 colonies into SC1, and the 
transitions of SC3 and SC1 colonies.  Faviid elasticity was most affected by the stabilities 
of SC2, SC3 and SC1 colonies. Poritid sensitivity and elasticity were affected primarily 
by the size class stability of SC5 colonies; the sensitivity was also affected by the partial 
mortality of SC5 colonies into SC4, SC3 and SC2.  The sensitivity and elasticity analyses 
for all massive corals shared properties with the faviid and poritid analyses, with SC2 and 
SC5 colonies being most affected by perturbations. 
   
The Assemblage AGZ matrices were used to project populations through 2050 for the 
taxa groups within the larger Assemblage Z (i.e. Ras Ghanada, Saadiyat, Dhabiya and 
Delma) (Figures 5.7-5.8).  The results for the disturbance-free scenarios were as follows: 
 
 The faviids were not projected to reach a stable distribution because the number 
and proportion of SC1-SC3 colonies increased throughout the projection period 
whereas the number of larger colonies stabilized, but their relative proportion 
decreased   The poritids were projected to reach a steady distribution around 
2015-2020.  The model for all massive corals projected that the number of 
colonies within each size class would stabilize around 2015-2020, except SC2 
which continued to increase.   
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Figure 5.6  Sensitivity and Elasticity Analysis Results for Assemblage AGZ Transition Matrices 
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 The numbers of colonies in 2050 were projected to increase for faviids (+19%) 
and all massive corals (+15%) compared to their 2009 starting populations 
whereas poritid numbers were projected to decrease (-21%).  Unlike Assemblage 
X, the projections for all massive corals and for faviids plus poritids (F+P) in 
Assemblage Z did not overlap, allowing both to be displayed in Figure 5.8.   
 The live coral area covers in 2050 were projected to increase for faviids (+56%) 
and poritids (+11%) compared to their 2009 starting populations whereas the area 
cover for all massive corals was projected to decrease (-9%). Although the model 
for all massive corals projected a population increase, the size class distribution 
was projected to change in favor of smaller colonies resulting in a loss of total 
area cover.   
 
The mass mortality scenarios indicated that the SC1-3 faviids may be capable of 
recovering to pre-disturbance abundance levels during the 16-year interval between 
events; however, recovery was unlikely for the SC-5 faviids and all of the poritids.  The 
reduction in the number of larger faviids and poritids would also cause an overall 
reduction in the hard coral area cover. 
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Figure 5.7  Size Class Distribution Projections through 2050 for Assemblage Z 
Projections are based on 2009 data for Assemblage Z (Ras Ghanada, Saadiyat, Dhabiya and Delma) using 
the mean Assemblage AGZ size class transition matrices. 
 
 
 
 
 
 
 
 
 
 
 
 
0
500
1000
1500
2000 2010 2020 2030 2040 2050 2060
0
300
600
900
1200
2000 2010 2020 2030 2040 2050 2060
0
200
400
600
800
2000 2010 2020 2030 2040 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
Assemblage AGX - Faviids
0
10
20
30
40
2000 2010 2020 2030 2040 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
SC1 SC2 SC3 SC4 SC5
0
300
600
900
1200
2000 2010 2020 2030 2040 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
0
500
1000
1500
2000 2010 2020 2 30 4 2050 2060
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
a.  Faviids (disturbance –free)
b.  Poritids (disturbance –free)
c.  All Massives (disturbance –free)
e.  Poritids (disturbance every 16 years)
d.  Faviids (disturbance every 16 years)
0
200
400
600
800
2000 2010 2020 2030 2040 2050 2060
f.  All Massives (disturbance every 16 years)
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
N
u
m
b
e
r 
o
f 
c
o
lo
n
ie
s
 156 
 
 
Figure 5.8  Population and Area Cover Projections through 2050 for Assemblage Z 
Projections are based on 2009 data for Assemblage Z (Ras Ghanada, Saadiyat, Dhabiya and Delma) using 
the mean Assemblage AGZ size class transition matrices. 
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Mirbah North only.  The massive corals results were almost exclusively influenced by the 
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were observed within the transect areas. The annual demographics for Assemblage GO 
are shown in Table 5.16.   
 
 
Table 5.16  Population Sizes for Assemblage GO (2007-2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recruitment varied annually (R2009 >> R2008). The sample size of poritids was too small 
to compare recruitment rates between taxa.  Further investigations are required to identify 
the temporal variation patterns, if any, and possible contributing factors.  Mortality varied 
annually (R2009 > R2008), presumably due to the occurrence of a red tide event between 
2008 and 2009 (See Chapter 3).  The net results of these population changes were mean 
annual decreases of 8.3% and 7.7% for the faviids and all massive corals, respectively.  
The poritid population increased, but sample size remained too small for generalized 
observations. 
 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Population Size in Beginning Year     
SC1 31 24 0 0 31 25 
SC2 57 58 2 1 62 61 
SC3 44 37 2 1 47 41 
SC4 32 22 0 0 32 22 
SC5 130 111 2 0 132 111 
Total 294 252 6 2 304 260 
Colonies/m
2
 3.3 5.6 0.1 <0.1 3.4 5.8 
Recruitment       
No. recruits (R) 3 6 0 3 3 9 
Recruits/m
2
 0.03 0.13 0 0.07 0.03 0.20 
Mortality       
    No. deaths (M) 1 27 0 1 0 29 
Deaths/m
2
 0.01 0.60 0 0.02 0.01 0.64 
Population Change in Ending Year     
No. colonies (R-M) +2 -21 0 +2 +3 -20 
% change +0.7% -8.3% 0.0% +100% +1.0% -7.7% 
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Growth, size class stability and partial mortality demographics are given in Table 5.17.  
The majority of the population remained within the same size class each year.  The 
percentage of faviids and all massive corals that grew in 2008 was approximately twice 
the percentage that experienced partial mortality whereas the opposite was observed in 
2009.  Growth of a single poritid colony was recorded in 2008; partial mortality was not 
observed in 2008 or 2009. 
 
Fission was recorded 27 times within the faviid population (4.9% of the total possible 
transitions) between 2007 and 2009 (Table 5.18).   Fission was not recorded among the 
poritids or the siderastreids. On average, 2.5 ramets were generated per parent colony.  
Comparisons of the parent colony size classes to the ramet size class equivalents 
indicated that 11% of the fissions resulted in transitions to smaller size classes (partial 
mortality).  The majority (89%) of the pooled ramets were in the same size classes as 
their respective parent colonies (size class stability).  
 
Fusion was recorded five times within the faviid population (0.9% of the total possible 
transitions) during the study period (Table 5.19).  Fusion was not recorded among the 
poritids or the siderastreids. On average, 2.2 ramets grew together to generate a fused 
colony.  Comparisons of the fused colony size classes to the ramet size class equivalents 
indicated all were in the same size classes (size class stability).  
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Table 5.17  Growth, Size Class Stability and Partial Mortality for Assemblage GO (2007-2009) 
Values exclude colonies and ramets that underwent fission and fusion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.18  Fission – Parent Colonies and Ramets for Assemblage GO (2007-2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Growth     
SC1 => SC2 15 4 0 0 15 4 
SC2 => SC3 15 5 0 0 15 5 
SC3 => SC4 17 9 1 0 18 10 
SC4 => SC5 14 5 0 0 14 5 
Total 61 23 1 0 62 24 
% of population 20.7% 9.1% 16.7% 0.0% 20.4% 9.2% 
Colonies/m
2
 0.68 0.51 0.01 0.00 0.69 0.53 
Size Class Stability       
SC1  15 6 0 0 15 6 
SC2 39 36 2 0 43 38 
SC3 21 18 1 1 23 19 
SC4 9 5 0 0 9 5 
SC5 123 97 2 0 125 97 
Total 207 162 5 1 215 165 
% of population 70.4% 64.3% 83.3% 50.0% 70.7% 63.5% 
Colonies/m
2
 2.30 3.60 0.06 0.01 2.39 3.67 
Partial Mortality       
SC5 => SC4 7 6 0 0 7 6 
SC5 => SC3 0 4 0 0 0 4 
SC5 => SC2 0 4 0 0 0 4 
SC5 => SC1 0 0 0 0 0 0 
SC4 => SC3  5 11 0 0 5 11 
SC4 => SC2 4 1 0 0 4 1 
SC4 => SC1 0 0 0 0 0 0 
SC3 => SC2 6 6 0 0 6 7 
SC3 => SC1 0 2 0 0 0 2 
SC2 => SC1 3 6 0 0 4 6 
Total 25 40 0 0 26 41 
% of population 8.5% 15.9% 0.0% 0.0% 8.6% 15.8% 
Colonies/m
2
 0.28 0.89 0.00 0.00 0.29 0.91 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Colonies that underwent fission     
SC1 0 0 0 0 0 0 
SC2 1 4 0 0 1 4 
SC3 1 0 0 0 1 0 
SC4 1 0 0 0 1 0 
SC5 7 13 0 0 7 13 
% of population 3.4% 6.7% 0.0% 0.0% 3.3% 5.0% 
Colonies/m
2
 0.11 0.38 0.00 0.00 0.11 0.38 
Ramets       
Mean # of ramets 2.1 2.7 0.0 0.0 2.1 2.7 
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Table 5.19  Fusion – Ramets and Fused Colonies for Assemblage GO (2007-2009) 
 
 
 
 
 
 
 
Size Class Transition Matrices and Projections 
 
Review of the vital rates within Assemblage GO (Tables 5.16-5.17) indicated different 
dynamics in 2008-2009 (e.g. increased whole colony death and partial mortality, 
decreased growth and size class stability) compared to 2007-08.  This was attributed, in 
large part, to the red tide that persisted between August 2008 and May 2009 (Chapter 3).  
Because the focus of this chapter is on the fate of massive corals under “normal” 
environmental conditions, transition matrices and projections for Assemblage GO were 
based on surveys in 2007 and 2008 only. 
 
Transition probability matrices were developed for faviids and all massive corals in 
Assemblage GO (Table 5.20).  The number of poritid colonies was too low to generate a 
size class transition matrix. The probabilities of whole colony mortality for the faviids 
and all massive corals approached zero for colonies larger than SC1.  Colonies that 
reached SC5 surface areas had a high probability (0.95) of size class stability.     
 
 Faviids Poritids All Massives 
 07-08 08-09 07-08 08-09 07-08 08-09 
Fused colonies     
SC1 0 0 0 0 0 0 
SC2 1 0 0 0 1 0 
SC3 0 2 0 0 0 2 
SC4 0 0 0 0 0 0 
SC5 0 2 0 0 0 2 
% of population 0.3% 1.6% 0.0% 0.0% 0.3% 1.5% 
Colonies/m
2
 0.01 0.04 0.0 0.0 0.01 0.04 
Ramets per fused colony       
Mean # of ramets 2.0 2.25 0.0 0.0 2.0 2.25 
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The stable size class distributions (i.e. the eigenvectors associated with the dominant 
eigenvalues), dominant eigenvalues and damping ratios are shown in Table 21.  The 
dominant eigenvalues for faviids and all massive corals were >1, projecting population 
growth. 
 
Table 5.20  Transition Probability Matrices for Assemblage GO  
Columns depict starting state, rows depict ending fate.  Rows for SC1
+
 include recruitment probability and 
partial mortality from larger colonies to SC1.  Total = probability of existing colony survival plus 
recruitment; r = recruitment probability; s = probability of colony survival; d = probability of whole colony 
death (1-s). 
A.  Faviids 
 SC1 SC2 SC3 SC4 SC5 
 SC1
+
 0.484 0.053 0.001 0.001 0.023 
SC2 0.484 0.684 0.136 0.125 0.000 
SC3 0 0.263 0.477 0.156 0.000 
SC4 0 0 0.386 0.281 0.054 
SC5 0 0 0 0.438 0.946 
Total 0.968 1.000 1.000 1.001 1.023 
r  0.000 0.000 0.001 0.023 
s 0.968 1.000 1.000 1.000 1.000 
d 0.032 0.000 0.000 0.000 0.000 
 
B.  All Massive Corals 
 SC1 SC2 SC3 SC4 SC5 
SC1
+
 0.484 0.065 0.001 0.001 0.022 
SC2 0.484 0.694 0.128 0.125 0.000 
SC3 0 0.242 0.489 0.156 0.000 
SC4 0 0 0.383 0.281 0.053 
SC5 0 0 0 0.438 0.947 
Total 0.968 1.000 1.001 1.001 1.022 
r  0.000 0.001 0.001 0.022 
s 0.968 1.000 1.000 1.000 1.000 
d 0.032 0.000 0.000 0.000 0.000 
 
Sensitivity and elasticity matrices are displayed graphically as surface plots in Figure 5.9.  
The plots show that the dominant eigenvalues were most affected by changes in the upper 
right corners of the transition matrices which corresponded to the SC5 colonies. 
Sensitivities were affected, in decreasing order, by the stability of SC5, the partial 
mortality of SC5 colonies into SC4 colonies, and new recruits produced by SC5 colonies.  
Elasticities were most affected by the stability of SC5 colonies. 
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Table 5.21  Stable Size Class Distributions, Dominant Eigenvalues 
and Damping Ratios for Assemblage GO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9  Sensitivity and Elasticity Analysis Results for Assemblage GO Transition Matrices 
 
 FAV ALL 
Stable SC Distributions 
SC1 0.041 0.044 
SC2 0.136 0.141 
SC3 0.095 0.093 
SC4 0.097 0.094 
SC5 0.631 0.628 
Dominant Eigenvalue   
λ 1.013 1.013 
Real or complex Real Real 
Damping Ratio   
    λ1/|λ2| 1.2 1.2 
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The Assemblage GO matrices were used to project populations through 2050 (Figures 
5.10-5.11).  The results for the disturbance-free scenarios were as follows: 
 
 The models indicated that the size class distributions for SC1-SC4 would 
approach stable states around 2015-2020, but SC5 would continue to increase 
throughout the projection period.   
 The numbers of colonies in 2050 were projected to increase for faviids (+60%) 
and all massive corals (+57%) compared to their 2009 starting populations.   
 The live coral area covers in 2050 were projected to increase from ~20% to ~70% 
for faviids and for all massive corals.  
 
The mass mortality scenarios indicated that the SC5 faviids may be capable of recovering 
to the pre-disturbance abundance levels within 10 years.  However, recovery was unlikely 
for the smaller size classes during the 16-year interval between disturbance events.   The 
net effects would be for the population to cycle between 450-700 colonies and the area 
cover to cycle between 22-42%. 
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Figure 5.10  Size Class Distribution Projections through 2050 for Assemblage GO 
Projections are based on 2009 data for Assemblage GO (Dibba South and Mirbah North) using the 2007-08 
Assemblage GO size class transition matrices. 
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Figure 5.11  Population and Area Cover Projections through 2050 for Assemblage GO 
Projections are based on 2009 data for Assemblage GO (Dibba South and Mirbah North) using the 2007-08 
Assemblage GO size class transition matrices. 
 
 
 
 
Discussion 
Population Dynamics 
Recruitment and Mortality 
Population numbers change as a result of adding SC1 colonies through recruitment and 
removing SC1-SC5 colonies when whole colonies die.  During this study, the annual 
population varied between -11.5% and +5.5% with the following recruitment and 
mortality patterns. 
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 Faviid and poritid recruitment (i.e. the number of corals that settled and survived 
until the next year’s census) ranged between 0.00 and 0.28 colonies/m2 during this 
study, with an exception of 0.70 faviids/m
2
 in 2008-09 within AGZ (Tables 5.2, 
5.9, 5.16).  In general, recruitment rates were comparable between assemblages in 
a given year, despite the population density in AGZ being approximately four 
times greater than in AGX and GO.  This suggests that factors, other than adult 
densities within the local populations, are influencing recruitment success. 
 
 Annual recruitment indicated temporal variation for faviids and poritids, with r2009 
> r2007 > r2008 (r2007 was determined for Assemblage AGX only).  A similar pattern 
was observed for acroporids in the southeastern Arabian Gulf (Figure 2.7). The 
mean winter seawater temperature in the southeastern Arabian Gulf was 1-2°C 
warmer in 2008-09 than in 2006-07 and 2007-08 (Table A.2), which perhaps 
contributed to more favorable recruit survival in the region. A similar comparison 
cannot be made yet within the northwestern Gulf of Oman because temperature 
data were limited to a single winter during this study. Whether seawater 
temperature extremes in the winter impact the survival and growth of recently 
settled larvae into SC1 colonies the next year requires further investigation. 
 
 Whole colony death of faviids and poritids ranged between 0.00 and 0.36 
colonies/m
2
 during this study (Tables 5.2, 5.9, 5.16), showing that low rates of 
mortality occur as part of “normal” turnover in these populations (i.e. in the 
absence of a major disturbance) (Babcock 1991).  The probability of mortality 
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decreased with increasing colony size (Tables 5.6, 5.13, 5.20), a pattern that has 
been reported in other studies (e.g. Bak & Engel 1979; Sammarco 1980; Hughes 
& Jackson 1980, 1985; Rylaarsdam 1983; Babcock 1991).  For colonies that 
achieve SC4 and SC5 (surface areas 113 cm
2
 and greater), the mean annual 
probability of whole colony mortality was minimal at 0.000 – 0.013.   
 
 Other mortality patterns occurred within a given assemblage but were not 
consistent throughout the region: (i) AGX poritid mortality was considerably 
higher than AGX faviid mortality, (ii) AGX poritid mortality had a decreasing 
trend each year whereas AGX faviid mortality increased, and (iii) AGZ faviid and 
poritid mortality rates were comparable within a given year although d2008-09 > 
d2007-08.  The GO poritid population was compromised of six colonies, none of 
which died; however, the sample size was too small to identify trends or compare 
to other populations.   
 
Size Class Stability and Transitions 
The majority of surviving colonies underwent size class stability, growth or partial 
mortality as described below.  
 
 Size class stability was the most likely fate for colonies; 45-65% of the colonies in 
AGX remained in the same size class along with 70-74% in AGZ and 70% of the 
faviids in GO (the GO poritid population was too small to determine transition 
probabilities).  The probability of size class stability increased with increasing 
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colony size (Tables 5.3, 5.10, 5.17), with mean annual probabilities ≥0.845 for 
SC5 colonies. 
 
 Growth was the second most likely transition with 17-24% of the colonies in 
AGX, 12-15% in AGZ and 21% in GO (faviids) moving into the next larger size 
class.  The mean annual probability of growth increased with increasing size class 
for AGX and AGZ poritids.  No discernible trends were observed for faviids in 
any of the assemblages. 
 
 Partial mortality was observed in 3-12% (AGX), 10-14% (AGZ) and 9% (GO 
faviids) of the colonies.  The majority (80-90%) of the partial mortality colonies 
transitioned into the next smaller size class while the remainder shrank two or 
more size classes. The general trend was for the mean annual probability of partial 
mortality to increase with increasing size through SC4 then decrease for SC5 (due 
to the ≥0.845 probability of SC5 colonies remaining in the same size class). 
 
Fission and Fusion 
 
Fission played a minor role in the dynamics of the AGX, AGZ and GO populations, with 
mean annual probabilities of poritid and faviid fission ranging from 0.01 - 0.06.  Similar 
probabilities for other massive and foliaceous species were reported in Jamaica (0.02 – 
0.10; Hughes & Jackson 1985) and in Australia (0.01 – 0.06; Babcock 1991), indicating 
that low rates of fission occur among subtropical and tropical coral communities even in 
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the absence of environmental stresses such as those associated with seawater temperature 
extremes, hurricanes and other natural disturbances. 
 
Fusion also played a minor role in community dynamics.  The mean annual probabilities 
of fusion among AGX poritids, AGZ poritids and AGZ faviids ranged between 0.01 – 
0.03, similar to fission probabilities within the same populations.  Low probabilities of 
fusion, in some circumstances, may be attributed to the rates of tissue 
reconnection/growth which are currently understudied.  Certainly the extent of tissue loss 
during fission and the distance between ramets will impact whether fusion in a 
subsequent year is possible. Several years of growth may be required before ramets are 
capable of reconnecting during which barriers (e.g. algal growth on exposed skeleton) 
may prevent fusion. Other hindrances to fusion include additional shrinkage and 
mortality of the ramets since previously damaged corals have an increased likelihood of 
further damage (Babcock 1991). 
 
Transition Matrices 
The transition probability matrices are based on mean annual size class transition 
probabilities between 2006-2009 for AGX and 2007-2009 for AGZ.  The GO transition 
probabilities are not based on mean values but on a single data set from 2007-2008 
because normal environmental conditions were interrupted in 2008-2009 by a severe red 
tide (Chapter 3). Although seemingly short, the number of years of repetitive monitoring 
for AGX and AGZ is comparable to other studies on coral population dynamics (e.g. four 
years, Hughes & Jackson 1985; three years, Babcock 1991).  Ideally, annual data 
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collection would continue indefinitely in order to determine whether the coral 
communities follow predictable cycles or whether irregular patterns are the norm.  
 
Transition matrices were developed for faviids, poritids, and all massive corals 
collectively.  Within each matrix, reproduction probabilities were assigned proportionally 
to SC2-SC5 as described in the Methods section of this chapter.  One of the simplifying 
assumptions clearly does not apply within the matrix for all massive corals (i.e. the 
number of polyps per cm
2
 is considerably higher for poritids than for the other taxa rather 
than being equal among all taxa).  Matrices for all massive corals are presented despite 
this discrepancy as they could be useful in situations where coral inventories are 
conducted but taxa identifications are not possible (e.g. poor image quality precludes 
identification).  Much remains understudied with respect to the reproductive 
characteristics of hard corals in high latitude regions.  Recommended future studies 
include:  (i) reproductive rates as a function of colony size, (ii) spawning cycles, (iii) 
modes of development (i.e. brood versus broadcast), and (iv) planular settlement ratios 
(i.e. natal versus remote dispersal).  Such studies would improve the projection models by 
replacing proportional recruitment assumptions with actual data, allowing open and 
closed systems to be modeled, and providing further ecological justifications for the size 
classes. 
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Projections through 2050 
Assemblage X in the Arabian Gulf 
Projections indicate that stable size class frequency distributions, dominated by SC5 
colonies, will be reached around 2015-2020 assuming no major disturbances.  The 
number of colonies within the assemblage will decline through 2050 due to the mean 
annual probabilities of mortality exceeding those for recruitment.  Despite the decrease in 
colony density, area cover will temporarily increase until 2015-2020 (due to the 
temporary increase in SC5 colonies) then gradually decrease through 2050.  The net 
effect is a minimal change in coral area cover when comparing 2009 data to 2050 
projections:  poritids and faviids are projected to decrease from 6.3% to 6.0% and from 
0.7% to 0.6% of the benthic area, respectively.   
 
The fate of Assemblage X depends heavily on the continued health of the SC5 colonies. 
With a declining population and low area cover during normal environmental conditions, 
this population is at risk of collapse should a large proportion of these colonies become 
compromised due to natural or anthropogenic stresses (e.g. mass mortality, disease 
outbreaks, coastal development).  Current recruitment levels are insufficient to replace 
significant losses associated with a major disturbance event (e.g. up to 25% loss of 
massive corals near Dubai during the 1996 and 1998 elevated temperature anomalies 
(Riegl 1999, 2003)).  The following recommendations are offered for consideration to 
protect this vulnerable assemblage: 
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 Expand protection boundaries to encompass all coral communities within 
Assemblage X (including those communities not studied herein but which share 
characteristics with Assemblage X) to minimize anthropogenic stresses.  Yasat 
and Makaseb are located within the Yasat Marine Protected Area.  However, Al 
Hiel is currently outside the Murawah marine reserve that protects the Bu Tinah 
sites.   
 
 Conduct seasonal monitoring, particularly during summer months when bleaching 
and disease outbreaks are more prevalent, to provide early warning of potential 
partial or whole colony mortality. Establish an external quarantine area to which 
(small) colonies can be temporarily relocated and kept under controlled conditions 
until the disturbance event subsides. 
 Establish a coral nursery to “captively raise” SC1 recruits for subsequent 
transplantation into the assemblage.   
 
Assemblage Z in the Arabian Gulf 
The faviids are not projected to reach a stable distribution because the number and 
proportion of SC1-SC3 colonies continue to increase through 2050.  Poritids are 
projected to reach stable size class frequency distributions, dominated by SC5 colonies, 
around 2015-2020 although the overall number of colonies will decline through 2050.  
Despite the differing colony density dynamics, area cover for both faviids and poritids is 
projected to gradually increase from 6% to 8% and from 25% to 30%, respectively, under 
normal environmental conditions. 
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Recommendations for seasonal monitoring and a coral nursery, as described above, apply 
to this coral community as well.  However, the establishment of MPAs, as recommended 
for Assemblage X, is impractical for this assemblage which is located along developing 
coasts and around populated islands.  Instead, protective efforts for Z corals should 
include sustainable development practices.  The following recommendations are offered 
for consideration: 
 
 Establish monitoring protocols for coral stress during development projects, and 
temporarily suspend work if conditions exceed set limits (e.g. sedimentation, 
turbidity, stress indicators). 
 Establish protocols for restoration, reattachment or relocation of colonies that are 
negatively impacted by anthropogenic stresses. 
 
Assemblage in the Gulf of Oman 
The SC1-SC4 faviids are projected to reach a stable distribution around 2015-2020 while 
the number of SC5 colonies will continue to gradually increase through 2050.  The 
poritid community was too small for projections.  The faviid area cover is projected to 
increase from 20% to 70% (i.e. 1-2% per year); however, this is likely an overestimation 
resulting from transition probabilities that were based on a two-year data set.  For 
example, mortality was not recorded in any SC2-SC5 colonies between 2007-2008, 
which is improbable over a longer observation period.  Growth probabilities were higher, 
and partial mortality probabilities were lower, for all size classes in GO compared to 
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AGZ.  While this may indeed be the case, using mean probabilities from a multi-year 
data set would improve confidence in the projection results. 
 
Assemblage GO is comprised of several coastal sites that are external to the protective 
boundaries of the Dibba MPA.  Coastal development is progressing, albeit at a slower 
pace than near Abu Dhabi; thus, the same sustainable development recommendations are 
made for GO as for AGZ. In addition to the natural disturbances that occur in the 
southeastern Arabian Gulf, the Gulf of Oman sites have also recently been exposed to 
cyclone and red tide events for which the following are suggested: 
 
 Establish rapid response protocols to assess and mitigate damage during 
prolonged disturbance events such as red tides.   
 Establish protocols to monitor coral recovery at specified intervals following a 
disturbance, including restoration and reattachment procedures following storm 
damage. 
 
Conclusions 
Individual massive coral colonies were repetitively monitored over several years in order 
to determine population dynamics within the southeastern Arabian Gulf and northwestern 
Gulf of Oman.  Vital rates (e.g. recruitment, partial and whole colony mortality, growth, 
size class stability) for poritids, faviids and all massive corals collectively (poritids, 
faviids, siderastreids and dendrophylliids) were used to develop transition models which, 
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in turn, were used to project size class frequency distributions, population sizes and area 
cover through 2050.  Each assemblage had different projected outcomes:  
 
 In Assemblage AGX, the size frequency distributions for all massive corals 
stabilized around 2015-2020. The population size decreased but little overall 
change in area cover occurred due to the predominance of SC5 colonies.  Poritids 
and faviids were projected to cover 6-8% and <1% of the benthic area, 
respectively, similar to the 2009 area cover. 
 In Assemblage AGZ, poritid distributions stabilized around 2015-2020.  The 
population size decreased but the area cover gradually increased due to the 
predominance of SC5 colonies.  The numbers and proportions of SC1-SC3 faviids 
continued to increase through 2050 which also resulted in a gradual increase in 
area cover. Area cover for faviids and poritids was projected to increase from 6% 
to 8% and from 25% to 30%, respectively. 
 In Assemblage GO, SC1-SC4 faviids stabilized around 2015-2020 while the 
number and proportion of SC5 colonies continued to increase; area cover 
increased by a maximum of 1-2% per year. 
 
The projections show that, under normal conditions, massive coral assemblages in this 
region are slow to expand their benthic footprints despite colonies having the potential to 
grow 1-2 cm per year.  It is, therefore, critical that these assemblages be protected from 
disturbances that are detrimental to their demographics or population dynamics (e.g. 
disturbances resulting in decreased recruitment, the loss of SC5 colonies, or increased 
whole colony or partial mortality).  This is especially true when poritids and faviids take 
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the place of acroporids and pocilloporids as the dominant reef builders (i.e. following 
elevated temperature anomalies, cyclones, and red tides to which the branching and 
tabular colonies are more susceptible) because it will be the massive taxa that sustain the 
coral communities and their associated biota during such recovery periods.    
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Chapter 6 :  SUMMARY OF FINDINGS  
 
 
The coral communities within the SE Arabian Gulf, NW Gulf of Oman, and Broward 
County, Florida have been exposed to recurrent elevated sea surface temperature 
anomalies (ETAs), sequential cyclone and red tide disturbances, and frequent hurricanes 
and tropical storms, respectively.  Because recovery to pre-disturbance community 
structures may take decades or may not occur at all, it is vital that scientists and resource 
managers have a better understanding of the spatial and temporal ecology patterns of the 
corals that survive and fill in functional gaps that may be created by such disturbances.  
The work presented in this dissertation describes the patterns in community structures 
which exist within and between high latitude coral assemblages that have experienced the 
types of natural disturbances that are predicted to occur in tropical reef systems with 
increasing frequency as a result of climate change.   
 
Spatial Patterns within the Coral Assemblages 
 
Coral assemblages in the southeastern Arabian Gulf 
As described in Chapter 2, surveys conducted near Abu Dhabi and Qatar between 2006 
and 2009 found that (i) acroporids are in various stages of recovery following the 
recurrent ETAs of 1996, 1998 and 2002, and (ii) the massive coral taxa show negligible 
effects from these disturbances.   
 
Acroporids 
Acroporid recovery varied between each of the regional assemblages: 
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X: A sparsely populated assemblage near several islands offshore of Abu Dhabi. 
Acroporids are absent seven years after the third ETA in 2002 which is suggestive 
of a possible local extirpation. 
 
Y:  A sparsely populated assemblage located near Halul Island, Qatar.  
Acroporids comprise 1–2% of the total area cover, well below the ≥40% pre-
disturbance area cover (Riegl 1999, 2002).  The acroporid community is growing 
and may soon become large enough to self-seed: nine of the eleven colonies in the 
sample area have diameters greater than 6.25 cm, the size beyond which Acropora 
are generally reproductive (Hall & Hughes 1996).  
 
Z:  A moderately populated assemblage comprised of coastal and offshore sites 
near Abu Dhabi.  Acroporids comprise ≤2% of the total area cover.  Among this 
group, only the Ras Ghanada and Delma sites had multiple Acropora colonies 
within the respective sample areas, and each had only two individuals large 
enough to be reproductive. Additional colonies could reach the typical size for 
sexual maturity within 1-2 years, and the sample areas may then become capable 
of self-seeding.   
 
Until each local community can develop its own self-seeding population, recruitment 
from connected larval sources shall remain critical to the recovery of acroporids. Under 
idealized conditions, the existing acroporid communities within the Y and Z Assemblages 
could achieve the ≥40% pre-disturbance area cover after a 15+ year recovery period.   
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However, when growth-limiting factors such as partial mortality are considered, recovery 
times may double.   Even under idealized conditions, the recovery periods meet or exceed 
the typical 15-17 year disturbance cycle in the Arabian Gulf (Riegl 1999; Riegl & Purkis 
2009).   Thus acroporids within Assemblages Y and Z may be in a persistent recovery 
cycle, remaining subordinate to the massive species.   
 
Massive Taxa 
The three assemblages within the Qatar and Abu Dhabi study areas have massive coral 
communities that are compositionally similar to those near Dubai which survived the 
three ETAs (Riegl 2002; Burt et al. 2008).    
 
X:  Sparse Porites harrisoni assemblage intermingled with other massive corals from 
seven genera.  Area cover and density are low, 3-6% cover and 3-5 colonies per 
m
2
, respectively. The size distributions for poritids and faviids are right-skewed 
for abundance and left-skewed for area cover (i.e. a higher abundance of smaller 
individuals while the larger colonies comprise most of the biomass).   
 
Y: Sparse mixed assemblage of massive corals from eight genera.  Area cover and 
density are low, 1-6% cover and 2-8 colonies per m
2
, respectively. The size 
distributions for poritids and faviids are right-skewed for abundance and left-
skewed for area cover, similar to Assemblage X.   
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Z:  Moderately populated assemblage within which a single site, Hawksbill Reef, is a 
monospecific P. harrisoni stand while the other sites include massive corals from 
nine genera.  Five additional genera have been observed in the sample area 
vicinities but outside the transect belts and, therefore, were not included within 
the assemblage descriptions.  Area cover and density are the highest among the 
three assemblages, 24-44% cover and 12-22 colonies per m
2
, respectively.  The 
size distributions are mixed; faviid distributions are similar to Assemblages X and 
Y whereas poritids are left-skewed for both abundance and area cover (due to 
preponderance of SC5 colonies at Hawksbill Reef).  
 
Assemblages X and Y resemble the understories of pre-disturbance communities in 
Dubai that had been overtopped by acroporids (Riegl 2002).  Assemblage Z resembles a 
community that was not subordinate to acroporids, allowing massive corals to achieve 
higher abundance and area cover than the other assemblages.   
 
 
Coral assemblages in the Northwestern Gulf of Oman 
As described in Chapter 3, surveys conducted near Dibba and Fujairah, UAE documented 
the impacts of consecutive disturbances on four separate assemblages.  The differences in 
susceptibility/resistance to the acute 2007 cyclone disturbance, followed by the chronic 
2008-2009 HAB disturbance, are largely attributed to local variability in coral 
community composition.    
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Disturbance Impacts on Assemblages 
DR:  Nearly monospecific stand of Pocillopora damicornis (94.2% area cover) with 
occasional acroporids and massive colonies from six genera, within the Dibba 
Rock Marine Protected Area (96.4% total live coral cover).  Coral cover was 
reduced to 44% by Cyclone Gonu.  Pocilloporids were recovering in the 14 
months between the cyclone and the start of the red tide, as evident by an 
increase in coral cover to 55%.  The HAB resulted in the mass mortality of P. 
damicornis, reducing live coral cover to 0.1%. 
 
DS: Moderately populated assemblage comprised of massive colonies from twelve 
genera, approximately 5 km south of the Dibba Rock MPA (23.7% live coral 
cover, 5-7 colonies per m
2
).  Cover was dominated by Platygyra spp. (20.7%). 
The massive colonies appeared unperturbed by both the cyclone and the HAB, 
with no significant changes in coral cover during the study period.  Between 
2008 and 2009, Acropora, Montipora and Stylophora spp., all previously 
unrecorded at this site, were observed within the transect belts, indicating 
recruitment from upstream larval sources.   
 
MN: Moderately populated assemblage, at the north end of Mirbah Reef offshore 
Fujairah, comprised of massive colonies from six genera and acroporids (32.4% 
live coral cover, 6-8 colonies per m
2
). Cover was dominated by Platygyra spp. 
(25.4%).  Similar to Dibba South, the massive colonies at Mirbah North 
appeared unaffected by either disturbance.  Acroporids cycled between loss and 
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recovery: (i) colonies were overturned and fragmented by Cyclone Gonu; (ii) 
recovery began in the interim between disturbances, as evident by new recruits 
and upward tissue migration from overturned parent colonies; (iii) the 
population was reset to zero during and immediately following the HAB (i.e. all 
Acropora spp. colonies inventoried in 2008 were either dead or missing in 
2009); and (iv) six new Acropora spp. recruits were observed in 2009.  These 
newest Acropora recruits, as well as two P. damicornis recruits (previously 
unrecorded at this site), are indicative of the survival of reproductive colonies in 
upstream locations following both disturbances.  
 
MS: Nearly monogeneric stand of Acropora spp. with occasional P. damicornis 
colonies and massive colonies from nine genera, at the south end of Mirbah 
Reef (74.4% live coral cover).  Cover was dominated by Acropora spp, 
(69.1%).  Cyclone Gonu had the following effects on the hard coral taxa:  (i) 
coral cover was reduced to 33.0%; (ii) acroporids were still dominant but to a 
lesser degree (28.3%) due to overturned and fragmented colonies; (iii) a few 
massive colonies were dislodged (i.e. massive rubble occupied 0.6% of the 
benthos); and (iv) the pocilloporids remained intact.  In the interim between 
disturbances, overturned acroporids showed signs of tissue migration while the 
fragmented branches were lost either through transportation out of the sample 
area or coverage by crustose coralline algae, resulting in a net decrease in area 
cover to 25.0%.  During the early stages of the HAB, all pocilloporids died 
while acroporids experienced low mortality (i.e. loss of 0.1% area cover), and 
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massive corals appeared unaffected.  In 2009, the coral community was found 
severely damaged by a disturbance of unknown origin during which live coral 
cover and density were reduced to 0.7% and <1 colony per m
2
, respectively, 
comprised solely of massive taxa from four genera.    
 
The hard corals within DR and MS are the understories of communities that had been 
overtopped by pocilloporids and acroporids, respectively prior to Cyclone Gonu and the 
HAB disturbances.  Assemblages DS and MN are communities that were not subordinate 
to overtopping branching and tabular colonies; thus the massive corals were able to 
achieve higher abundances and area covers than the former assemblages.   
 
Population Growth Rates 
Although massive corals appeared to be relatively unaffected by either disturbance, 
appearance and area cover are not the only indicators of community change.  Growth 
rates (i.e. the dominant eigenvalues from the size class transition matrices) also indicate 
whether the respective populations are growing, stable or declining.   
 
 Following Cyclone Gonu, the massive coral populations at Dibba South and 
Mirbah North had growth rates of 0.99 and 1.02, respectively, suggestive of 
nearly stable populations.  The only study area where massive corals were 
dislodged, Mirbah South, had a growth rate of 0.85, suggesting a declining 
population.  The number of massive colonies at Dibba Rock (n < 10) was too 
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small to develop a size class transition probability matrix and calculate its 
corresponding eigenvalues.   
 
 While the massive colonies showed no outward signs of stress (e.g. bleached or 
retracted tissue) during the HAB, the 2008-2009 population dynamics at Mirbah 
North indicated that fewer colonies had grown into a larger size class and more 
colonies had shrunk than during 2007-2008, resulting in a declining population 
growth rate (λ = 0.93). Additional inter-annual comparisons are needed to 
determine whether (i) the MN population is indeed following a declining 
trajectory irrespective of disturbances; (ii) the range of 0.93-1.02 constitutes 
“normal” variability in the growth rate for this site, or (iii) the decline was 
temporary and coincidental with the red tide or other factor(s).  
 
Coral assemblages in Broward County, Florida 
As described in Chapter 4, surveys conducted offshore Broward County, Florida found 
that (i) the majority of hard coral community structures across the reef tracts and 
corridors are remarkably similar and can be grouped into a single assemblage, and (ii) a 
few “atypical” communities exist within the study area, but these are limited to particular 
corridor-reef sections.     
 
Typical Hard Coral Communities 
C: Sparsely populated assemblage, which includes all corridor-reef tract sections 
except the north-ridge and central-ridge, characterized as follows:  (i) soft corals 
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and sponges are the predominant reef fauna; (ii) hard coral area cover and density 
are ≤4% and 1.3 colonies per m2, respectively; (iii) M. cavernosa (dominant), 
Siderastrea spp. and S. intersepta (subdominant), and P astreoides and M. 
meandrites (subordinate) are the most abundant taxa; (iv) hard coral communities 
are comprised primarily of small colonies with surface areas ≤50 cm2; and (v) 
approximately 20 additional species exist as subordinate or uncommon 
individuals. 
 
Within Assemblage C, M. cavernosa colonies are significantly larger than the 
other most abundant species with a mean surface area of 229.7 cm
2 
(SC5), 
followed by M. meandrites with a mean surface area of 134.1 cm
2
 (SC4).   S. 
intersepta, Siderastrea spp., and P. astreoides are the smallest and statistically 
similar with mean surface areas in SC2-3.   
 
Atypical hard coral communities 
A: Sparsely populated assemblage within the north corridor-ridge complex (<1% 
hard coral area cover). The mean density and mean colony size are 3.1 colonies 
per m
2 
and 7.8 cm
2
, respectively.   Siderastrea spp. is dominant with respect to 
abundance (77% of the hard coral population).  S. bournoni is dominant with 
respect to area cover (85% of the live hard coral area cover) in Assemblage A, 
yet it was not recorded in Assemblage B and contributed just 2% of the live 
hard coral area cover within Assemblage C.  Five subordinate species were 
inventoried, each having 1-2 colonies and contributing ≤2% to the total live 
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hard coral area cover.  A single colony of the otherwise dominant species, M. 
cavernosa, was observed within this assemblage. 
 
B: Sparsely populated assemblage within the central corridor-ridge complex (3% 
hard coral area cover).  The mean density and mean colony size were 1.3 
colonies per m
2 
and 148.4 cm
2
, respectively.  Four hard coral taxa are dominant 
with respect to abundance and area cover: M. cavernosa, P. astreoides, 
Siderastrea spp., and Diploria clivosa.  D. clivosa contributes 15% of the live 
hard coral area cover in Assemblage B, yet surveys found only one colony 
within Assemblage C and no colonies in Assemblage A.   Eight subordinate 
species were inventoried, each having ≤5 colonies and contributing <1% to the 
live hard coral area cover.   
 
Other atypical communities have been previously described, including discrete thickets 
of Acropora cervicornis (5-26% benthic area cover) offshore the ridge complex between 
the central and northern corridors (Vargas-Angel et al. 2003), and sites along the inner 
reef with high A. cervicornis (40%) and hard coral (12%) cover (Gilliam et al. 2007).  
 
Temporal Patterns within the SE Arabian Gulf and NW Gulf of Oman 
As described in Chapter 5, vital rates (e.g. recruitment, mortality, growth, size class 
stability) for massive corals within the SE Arabian Gulf and NW Gulf of Oman were 
used to project size class frequency distributions, population sizes and area cover for the 
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respective assemblages through 2050.  Each assemblage had different projected 
outcomes:  
 
AGX: A subset of Assemblage X in the Arabian Gulf (Chapter 2), sampled between 
2006 and 2009 during “normal” environmental (i.e. non-disturbance) conditions.  
The AGX projection model represents a slightly declining population (λ = 0.99) 
where mortality exceeds recruitment.  When applied to entire Assemblage X 
population, AGX projections indicate that (i) size frequency distributions, 
dominated by SC5 colonies, will stabilize around 2015-2020, assuming no major 
disturbances; (ii) the population size will decrease (mortality exceeds 
recruitment); (iii) area cover will temporarily increase, then decrease, with a net 
effect of poritid and faviid covers in 2050 being similar to that measured in 2009 
(i.e. 6-8% and <1% area cover, respectively).   
 
AGZ: A subset of Assemblage Z in the Arabian Gulf (Chapter 2), sampled between 
2007 and 2009 during normal environmental conditions.   The AGZ projection 
model represents a stable poritid population (λ = 1.00) and a slightly growing 
faviid population (λ = 1.01).  When applied to Assemblage Z population, AGZ 
projections indicated that (i) poritid distributions will stabilize around 2015-2020; 
(ii) the poritid population will decrease in number but the area cover will 
gradually increase from 6% to 8% due to a predominance of SC5 colonies; and 
(iii) the numbers and proportions of SC1-SC3 faviids will continue to increase 
through 2050, resulting in a gradual increase in area cover from 25% to 30%. 
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GO: Includes corals from Dibba South and Mirbah North in the Gulf of Oman 
(Chapter 3), based on a single data set from 2007-2008 because normal 
environmental conditions were interrupted in 2008-2009 by the severe red tide.  
The GO projection model represents a slightly growing population (λ = 1.01) with 
low recruitment and minimal mortality.  GO projections indicate that (i) the 
numbers and proportions of SC1-SC4 colonies will stabilize around 2015-2020 
while SC5 colonies will continue to increase; and (ii) area cover will increase by a 
maximum of 1-2% per year. 
 
The projection models show that, under normal conditions, massive coral assemblages in 
these regions are slow to expand their benthic footprints despite colonies having the 
potential to grow 1-2 cm per year.   
 
Spatial Patterns between the Coral Assemblages 
The three high latitude regions in this study share several common features despite 
exposure to dissimilar environmental factors (e.g. temperatures, salinities, circulation 
patterns, disturbance histories, flora and fauna competitors) and the presence of different 
coral taxa (Table 6.1).   
 
 
 189 
Table 6.1  Regional comparisons of hard coral taxa  
 
Coral Family SE Arabian Gulf NW Gulf of Oman Broward County, FL 
Acroporidae 
(ACR) 
Acropora clathrata 
A. arabensis 
Acropora clathrata 
A. arabensis 
Montipora spp. 
Acropora cervicornis 
Faviidae 
(FAV) 
Favia pallida 
F. speciosa 
Favites pentagona 
Platygyra daedalea 
P. lamellina 
Cyphastrea 
microphthalma 
Leptastrea transversa 
Favia pallida 
F. speciosa 
Favites pentagona 
Platygyra daedalea 
P. lamellina 
Cyphastrea 
microphthalma 
Leptastrea transversa 
Montastraea cavernosa 
M. annularis species 
complex 
Solenastrea bournoni 
Diploria spp. 
Colpophyllia natans 
Poritidae 
(POR) 
Porites harrisoni 
P. solida 
P. lutea 
P. nodifera 
Porites harrisoni 
P. solida 
P. lutea 
P. nodifera 
Goniopora spp. 
Porites astreoides 
P. porites 
Siderastreidae 
(SID) 
Siderastrea savignyana 
Coscinaria columna 
Psammacora spp. 
Pseudosiderastrea tayami 
Siderastrea savignyana 
Coscinaria columna 
Psammacora spp. 
Pseudosiderastrea tayami 
Siderastrea radians 
S. siderea 
Non-
Common 
Families 
(OTHER) 
Dendrophylliidae (DEN) 
 
Dendrophylliidae (DEN) 
Pocilliporidae (POC) 
Meandrinidae (MEA) 
Asterocoeniidae (AST) 
Mussidae (MUS) 
Agariciidae (AGR) 
 
 
 
In general, the massive coral communities within the three study regions share the 
following characteristics: (Table 6.2).   
 
 Faviids are typically dominant or subdominant with respect to area cover (Figure 
6.1).  Exceptions include Assemblage X where Porites harrisoni is dominant and 
Assemblage Z where faviids and poritids are subdominant with respect to 
abundance and area cover, respectively.   
 
 Mean density is typically <7 colonies/m2.  Assemblage Z is an exception due to 
multi-colony clusters of SC1-2 Favia spp. at Ras Ghanada and Saadiyat and the 
monospecific stand of P. harrisoni at Hawksbill Reef.  
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 Mean colony sizes typically range between 80-180 cm2, equivalent to SC3-4.  
Exceptions include Assemblages GO and A which have a predominance of SC5 
and SC1 colonies, respectively.  
 
 Mean area covers for sparsely- and moderately-populated massive coral 
assemblages are <5% and 26-31%, respectively.  Exceptions can occur (e.g. 62% 
area cover of P. harrisoni at Hawksbill Reef), but an abundantly-populated 
massive coral community is atypical.   
 
 Size distributions are typically right-skewed for abundance and left-skewed for 
area cover (i.e. a higher abundance of smaller individuals while the larger 
colonies comprise most of the biomass) (Figure 6.2).  Exceptions to the right-
skewed abundance include poritids in Assemblage Z (P. harrisoni at Hawksbill 
Reef) and faviids in Assemblages GO (Platygyra spp.), B (Diploria clivosa), and 
C (Montastraea cavernosa) due to an abundance of SC5 colonies as indicated.   
Exceptions to the left-skewed area cover include poritids throughout Broward 
County and faviids in Assemblage A due to the absence or scarcity of SC5 
colonies. 
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Table 6.2  Regional comparisons of massive coral hierarchy, density, colony size, and area cover  
Highlighted colors depict common feature among assemblages. 
 
Assemblage Principal 
Hard Coral 
Family 
Hierarchy Mean 
Density 
(colonies/m
2
) 
Mean 
Colony 
Size (cm
2
) 
Mean Live 
Coral Area 
Cover (%) 
SE Arabian Gulf      
X 
(Abu Dhabi 
Islands) 
Poritids Dominant 4.6 177.1 4.2 
Y 
(Qatar Island) 
Faviids Dominant 5.3 82.7 3.7 
Z 
(Abu Dhabi 
Coastal) 
Poritids 
 
Faviids 
Subdominant 
(Area) 
(Abundance) 
18.4 180.3 31.2 
NW Gulf of 
Oman 
     
GO 
(Dibba, Mirbah) 
Faviids Dominant 6.7 411.1 26.3 
Broward County, 
Florida 
     
A 
(North Ridge) 
Faviids 
 
Siderastreids 
Subdominant 
(Area) 
(Abundance) 
3.1 7.8 <0.1 
B 
(Central Ridge) 
Faviids 
 
Poritids 
Subdominant 
(Area) 
(Abundance) 
1.3 148.4 1.3 
C 
(All other sites) 
Faviids 
Subdominant 
(Area) 
1.3 96.5 1.2 
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Figure 6.1  Fractional abundance and area cover for hard coral families by region 
Dominant, subdominant (area cover), subdominant (abundance), and subordinate taxa shown in upper right, 
upper left, lower right and lower left quadrants, respectively.  Taxa abbreviations are provided in Table 6.1. 
(top) SE Arabian Gulf with Assemblages X, Y and Z in parentheses; (center) NW Gulf of Oman; (bottom) 
Broward County, FL with Assemblages A, B and C in parentheses. 
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Figure 6.2 Size frequency distributions for massive corals by region 
(top) SE Arabian Gulf with Assemblages X, Y and Z in parentheses; (center) NW Gulf of Oman; (bottom) 
Broward County, FL with Assemblages A, B and C in parentheses.  POR = poritids, FAV = faviids; ALL = 
all massive coral taxa 
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Recommendations for Future Studies 
SE Arabian Gulf and NW Gulf of Oman 
Because the Acropora populations near Qatar and Abu Dhabi are too small in size and 
number to be self-seeding, these sites are dependent upon larval supplies from distant 
upstream refuges.  Stressors that affect Acropora in Iran, Saudi Arabia and Kuwait can 
have a direct impact on the ability of coral communities in Qatar and the United Arab 
Emirates to recover following a mass mortality event.   The same holds true for Acropora 
and Pocillopora populations near Fujairah and Dibba in the northwestern Gulf of Oman, 
which are dependent on remote larval supplies that may originate in Oman or Yemen.  It 
is recommended that multi-national efforts be put forth to identify the upstream refuges, 
establish the connectivity between coral communities, and institute appropriate 
management and conservation programs.   
 
Much remains understudied with respect to the reproductive characteristics of hard corals 
in high latitude regions.  Recommended future studies include:  (i) reproductive rates as a 
function of colony size, (ii) spawning cycles; (iii) modes of development (i.e. brood 
versus broadcast); and (iv) planular settlement ratios (i.e. natal versus remote dispersal).  
Such studies would improve the projection models by replacing proportional recruitment 
assumptions with actual data, allowing open and closed systems to be modeled, and 
providing further ecological justifications for the size classes. 
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Similarly, much remains understudied with respect to the zooxanthellae clades that allow 
Arabian Gulf and Gulf of Oman corals to acclimate to the extreme annual temperature 
ranges and summertime daily temperature ranges, respectively. 
 
Broward County, FL 
Temporal comparisons of individual colonies, such as those conducted in the SE Arabian 
Gulf and NW Gulf of Oman, would allow the development of size class transition models 
to project the fates of the massive coral populations in Broward County. 
 
M. cavernosa displayed variable sensitivity to reef-specific conditions.  Recruitment 
studies and repetitive monitoring to track the survival, growth and partial mortality of 
individual colonies could shed light on the life history processes that structure the M. 
cavernosa populations across the reef tracts as well as on the differences in size 
frequency distributions between M. cavernosa and the other abundant hard corals on the 
ridge complex and inner reef.   
 
Additional studies that investigate species-specific settlement, survivability and size class 
transitions within the assemblages are needed to identify the causes for (i) the virtual 
absence of M. cavernosa from Assemblage A in the north-ridge; (ii) the atypical 
congregation of S. bournoni colonies in the north-ridge and (iii) the massive growth of D. 
clivosa in the central-ridge.   
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APPENDIX A:  GROSS ENVIRONMENTAL SETTING AND TEMPORAL TRENDS IN 
SOUTHEASTERN ARABIAN GULF CORAL COMMUNITIES 
 
Introduction 
The majority of coral reefs are found in tropical environments where typical seawater 
temperatures and salinities are between 18-31°C and 34-37 ppt, (Veron 1986; Kleypas et 
al. 1999).  The marine environment of the southeastern Arabian Gulf is singularly harsh; 
the coral communities in this high-latitude region (i.e. between 24°09′N and 25°40′N) are 
exposed to natural conditions that exceed threshold limits of corals elsewhere in the 
world, with temperature ranges between 14-36°C (Kinzie 1973; Shinn 1976) and 
salinities above 40 ppt.   Less than one-third of the scleractinian species that are found in 
the neighboring Gulf of Oman  have adapted to survive in the southeastern Arabian Gulf 
(e.g. Acropora spp., Porites spp., faviids and siderastreids) (Riegl 1999; Coles 2003; 
Rezai et al. 2004;  Claereboudt 2006).  Other benthic taxa that are common in the Gulf of 
Oman but are absent from the southeastern Arabian Gulf include the coral genera 
Montipora, Pocillopora, and Goniopora spp., fungiids, oculinids, alcyonaceans, and 
massive sponges.  The adaptations of some taxa to extremes of temperature and salinity 
and the exclusion of other taxa are of interest to scientists studying the impacts of global 
climate change on coral reefs and other marine organisms. 
 
The southeastern Arabian Gulf encompasses the coastal and offshore environments of the 
United Arab Emirates (UAE) and eastern Qatar (Figure 1.1).  The shallow-water coral 
communities are situated on discontinuous patches along the Qatari and Emirati coasts, 
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near offshore islands and atop limestone domes.  Assessments of the coral communities 
and their respective marine environments were conducted between 2005 and 2009 at 
multiple sites within Study Area “A”, located offshore Qatar and Abu Dhabi (Figure 1.1, 
Table A.1).  These assessments have provided data that describe (i) the typical 
environmental regimes to which the corals are exposed and (ii) the structure of the 
recovering coral communities a decade after the mass mortality associated with the 1996 
elevated temperature anomaly (Riegl 2002, 2003; Sheppard & Loughland 2002; Riegl 
2003).  Similar assessments were conducted in the adjacent northwestern Gulf of Oman 
within Study Area “B” where the same coral species as those in the Arabian Gulf, along 
with 60-70 additional species, are found. 
 
Environmental Setting 
Temperatures 
Temperature extremes have been recorded at various locations around the Arabian Gulf 
(Table A.1), but little information is available regarding the “normal” conditions to which 
coral communities are exposed.   
Table A.1 Temperature extremes recorded from Arabian Gulf coral communities 
 
Location Latitude Min 
(°C) 
Max 
(°C) 
Range 
(°C) 
Source 
Kuwait 29N 13.2 31.5 18.3 Downing (1985) 
Saudi Arabia 27N 11.4 36.2 24.8 Coles and Fadlallah (1991) 
Abu Dhabi 25N 16.0 36.0 20.0 Kinsman (1964) 
Qatar 24N 14.1 36.0 21.9 Shinn (1976) 
Abu Dhabi 
(Al Hiel) 
24N 14.9 
(2008) 
37.2 
(2007) 
22.3 This study - hourly records 
Qatar 
(Shra’aw) 
25N 18.7 
(2006) 
35.4 
(2006) 
16.7 This study - hourly records 
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As part of the assessments described herein, temperature recorders were deployed within 
Study Areas “A” and “B” approximately 0.5 m above the benthos. Daily mean 
temperature profiles for ten sites in the southeastern Arabian Gulf and two sites in the 
northwestern Gulf of Oman are shown in Figures A.3-A.5.  The data for the individual 
sites were combined to provide regional temperature profiles for the southeastern Arabian 
Gulf and the northwestern Gulf of Oman (Figures A.1-A.2).  Spring cooling rates, 
autumn warming rates, maximum summer temperatures and minimum winter 
temperatures are listed in Table A.2.    
 
Figure A.1  Regional Daily Mean Temperature Profiles (2005-2009) - Sequential 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day, averaged 
across all sites (Arabian Gulf = 10 sites; Gulf of Oman = 2 sites).   Red lines indicate the normal summer 
(June 21 – September 20) maximum temperatures.  Blue lines indicate the normal winter (December 21 – 
March 20) minimum temperatures.   
 
 
Figure A.2  Regional Daily Mean Temperature Profiles (2005-2009) - Overlapping 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day, averaged 
across all sites (Arabian Gulf = 10 sites; Gulf of Oman = 2 sites).   Upper black lines indicate the normal 
summer (June 21 – September 20) maximum temperatures.  Lower black lines indicate the normal winter 
(December 21 – March 20) minimum temperatures.   
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Figure A. 3  Daily Mean Temperature Profiles (2005-2009) - Sequential 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day.   Red 
lines indicate the normal summer (June 21 – September 20) maximum temperatures.  Blue lines 
indicate the normal winter (December 21 – March 20) minimum temperatures.  Temperature loggers 
were deployed at Abu Dhabi offshore islands (a, c, e, f); at a Qatar offshore island (b); and at a buoy 
marking the Yasat Marine Protected Area boundary in Abu Dhabi waters (d). 
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Figure A.3 Daily Mean Temperature Profiles (2005-2009) – Sequential (continued) 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day.   Red lines 
indicate the normal summer (June 21 – September 20) maximum temperatures.  Blue lines indicate the 
normal winter (December 21 – March 20) minimum temperatures.  Temperature loggers were deployed at 
an Abu Dhabi offshore island (g); along Abu Dhabi coasts (h, i, j); and along Fujairah coasts (k, l). 
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Figure A. 4  Daily Mean Temperature Profiles (2005-2009) - Overlapping 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day.   Upper black 
lines indicate the normal summer (June 21 – September 20) maximum temperatures.  Lower black lines 
indicate the normal winter (December 21 – March 20) minimum temperatures.  Temperature loggers were 
deployed at Abu Dhabi offshore islands (a, c, e, f); at a Qatar offshore island (b); and at a buoy marking the 
Yasat MPA boundary in Abu Dhabi waters (d). 
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Figure A.4 Daily Mean Temperature Profiles (2005-2009) – Overlapping (continued) 
Daily mean temperatures based on hourly records between 00:00 to 23:59 each calendar day.   Upper black 
lines indicate the normal summer (June 21 – September 20) maximum temperatures.  Lower black lines 
indicate the normal winter (December 21 – March 20) minimum temperatures.  Temperature loggers were 
deployed at an Abu Dhabi offshore island (g); along Abu Dhabi coasts (h, i, j); and along Fujairah coasts 
(k, l). 
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Figure A. 5 Mean Daily Temperature Ranges by Season (2005-2009) 
Temperature range is the difference between the maximum and minimum hourly records between 00:00 
and 23:59 for each calendar day.  Seasons are defined as spring (March 21 – June 20); summer (June 21 – 
September 20); autumn (September 21 – December 20); and winter (December 21 – March 20).  
Temperature loggers were deployed at Abu Dhabi offshore islands (a, c, e, f); at a Qatar offshore island (b); 
and at a buoy marking the Yasat MPA boundary in Abu Dhabi waters (d). 
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Figure A.5  Mean Daily Temperature Ranges by Season (2005-2009) (continued) 
Temperature range is the difference between the maximum and minimum hourly records between 00:00 
and 23:59 for each calendar day.  Seasons are defined as spring (March 21 – June 20); summer (June 21 – 
September 20); autumn (September 21 – December 20); and winter (December 21 – March 20).  
Temperature loggers were deployed at an Abu Dhabi offshore island (g); along Abu Dhabi coasts (h, i, j); 
and along Fujairah coasts (k, l). 
 
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
)
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
)
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
) (g) Al Hiel
(i) Saadiyat (j) Ras Ghanada0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
)
Spring Summer Autumn Winter
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
) (h) Dhabiya
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
)
0
1
2
3
2005 2006 2007 2008 2009
T
e
m
p
 R
a
n
g
e
 (
d
e
g
 C
) (k) Dibba Rock (l) Mirbah North
 205 
Table A.2  Spring Cooling Rates, Autumn Warming Rates, Minimum Winter Temperatures and 
Maximum Summer Temperatures (2005-2006) 
 
(a) Spring Cooling and Autumn Warming Rates 
 
 
(b)  Minimum Winter Temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Maximum Summer Temperatures 
 
 
Gulf of OmanArabian GulfGulf of OmanArabian Gulf
0.08 – 0.09 0.13 – 0.15
0.12 - 0.13
0.15
0.10 - 0.11
0.09 - 0.102009
0.10 - 0.112008
0.06 – 0.080.132007
0.11 – 0.122006
2005
Mean Cooling Rates (°C per day)Mean Warming Rates (°C per day)
Max Hourly Temp (°C)Max Daily 
Temp (°C)
Mean Daily 
Temp (°C)
Arabian Gulf
34.3
34.7
35.1
34.9
36.6      (Al Hiel, 07Aug2009)
36.8         (Al Hiel 23Jul2008)
37.2      (Al Hiel, 29Aug2007)
36.2  (Makaseb, 23Aug2006)
33.52009
33.42008
33.92007
33.82006
Max Hourly Temp (°C)Max Daily 
Temp (°C)
Mean Daily 
Temp (°C)
Gulf of 
Oman
32.8 33.5 (Mirbah North, 01Jul2008)29.92008
Min Hourly Temp (°C)Min Daily 
Temp (°C)
Mean Daily 
Temp (°C)
Arabian Gulf
18.7
16.7
16.3
18.6
15.9  (Makaseb, 24Jan2009)
14.9      (Al Hiel, 06Feb2008)
15.1  (Makaseb, 04Jan2007)
16.2  (Makaseb, 31Jan2006)
20.72008-09
19.42007-08
18.52006-07
21.02005-06
Min Hourly Temp (°C)Min Daily 
Temp (°C)
Mean Daily 
Temp (°C)
Gulf of 
Oman
22.2 21.2 (Dibba Rock, 21Feb2008)23.42007-08
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Results indicated the following with respect to normal temperatures at Study Area “A” 
sites in the southeastern Arabian Gulf: 
 
 Minimum daily means varied between the individual sites during the winter 
season (December 21 - March 20), ranging from 16.5°C to 19.5°C (Figures A.3-
A.5).  The minimum daily mean for the southeastern Arabian Gulf region was 
16.5°C, although this was not reached every year (Figures A.1-A.2).  These data 
suggest that the southeastern Arabian Gulf gets colder in the winter than does the 
central Gulf for which Sheppard et al. (2010) presented Hadsst1 data indicating a 
lower temperature limit of 20°C.    
 Daily mean temperatures for the southeastern Arabian Gulf region during the 
winter season were typically within the range of 18.5-21.0°C (Table A.2). 
 The minimum hourly temperature recorded during this study was 14.9°C at Al 
Hiel in February 2008 (Table A.2). 
 The mean warming rates during the spring (March 21 – June 20) were typically 
0.09-0.13°C per day.  The warming rates were nearly uniform across the 
individual sites in a given year (Table A.2).   
 Temperature data collected near Yasat Island indicated that a thermocline formed 
during Spring 2008 as shallow waters warmed faster than deeper waters (Figure 
A.6).  The lower water layer was 1-4°C colder than the upper water layer.  Mixing 
of the thermally stratified layers was evident by rapid temperature declines in the 
upper layer during the late spring/early summer, after which the thermocline was 
no longer present.  Similar rapid reductions in temperature occurred at the other 
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sites during the same timeframe (June-July 2008) and during the other years 
(Figure A.1), indicating that the mixing of warmer surface waters with cooler 
deeper water is an annual and regional phenomenon.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.6  Shallow and Deep Temperature Profiles – Yasat  (2007-2008) 
Dark blue line represents temperatures at the reef (3.0-4.7 m depth).  Light 
blue line represents temperatures in deep water (31m).   
 
 Maximum daily means varied between the individual sites during the summer 
season (June 21 – September 20), ranging from 34.0°C to 35.5°C (Figures A.3-
A.5).  The maximum daily mean for the southeastern Arabian Gulf region was 
35°C, although this was not reached every year (Figures A.1-A.2). These data 
suggest that the southeastern Arabian Gulf gets hotter than does the central Gulf 
which Sheppard et al. (2010) presented Hadsst1 data indicating an upper 
temperature limit of 33°C. 
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 Daily mean temperatures for the southeastern Arabian Gulf region during the 
summer season were typically 33.4-33.9°C (Table A.2). 
 The maximum hourly temperature recorded during this study was 37.2°C at Al 
Hiel in August 2007 (Table A.2). 
 The mean cooling rates during the winter (December 21 – March 20) were 
typically 0.10-0.15°C per day (Table A.2).  The cooling rates were nearly uniform 
(i) among the individual sites within a given season (Table A.2) and (ii) 
throughout the water column (Figure A.6). 
 The annual temperature ranges at the individual sites and for the southeastern 
Arabian Gulf region were 15-19°C and 18.5°C, respectively (Figures A.3-A.5).  
These ranges are wider than the 13°C range recorded in the Central Gulf 
(Sheppard et al. 2010). 
 Daily temperature ranges of less than 1°C were recorded at the coastal Abu Dhabi 
sites (i.e. Dhabiya, Saadiyat, Ras Ghanada), one of the Abu Dhabi offshore 
islands (Yasat) and the Qatari offshore island (Shra’aw).  The other Abu Dhabi 
offshore islands (Makaseb, Delma, Bu Tinah, Al Hiel) experienced daily 
temperature ranges between 1.0°C and 2.5°C. (Figures A.3-A.5) 
 
The coral communities in the southeastern Arabian Gulf did not experience mass 
mortalities during exposure to the lower and upper temperature limits described above, 
indicating acclimatization to these conditions.  Small-scale bleaching and disease were 
observed on individual corals during the summer months (Figure A.7), but subsequent 
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visits in late autumn, when water temperatures had cooled, indicated that (i) bleached 
corals had returned to normal coloration without mortality and (ii) disease resulted in 
mortality of affected polyps while the remainder of the colonies survived.  
 
  
 (a) (b) 
  
 
  
 (c) (d) 
 
Figure A.7  Examples of Individual Diseased and Bleached Corals 
(a-c) Yellow Band Disease in Saadiyat, July 2007; (d) bleaching at Abu Dhabi breakwater, July 2007 
 
The Gulf of Oman has a different temperature regime compared to the Arabian Gulf 
(Figures A.1-A.2, Table A.2).   The temperature extremes are milder in the Gulf of 
Oman, where daily mean temperatures range between 22°C and 32°C throughout the 
year.  However, the coral communities in the Gulf of Oman may be exposed to extreme 
daily temperature oscillations, especially during the summer when temperatures can 
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fluctuate up to 9°C within a single day due to the rise and fall of a strong thermocline that 
forms between the heated surface and cool upwelling waters (Rezai et al. 2004).   The 
data collected between 2007 and 2008 indicated that “normal” mean daily temperature 
ranges in the Gulf of Oman were less than 3°C (Figure A.5), with a maximum daily range 
of 7.1°C recorded.  The coral communities did not experience mass mortalities during 
exposure to these daily temperature fluctuations, indicating acclimation to these 
conditions. 
Sea Urchins 
Algal turfs can limit the free space that is available for coral settlement and can increase 
mortality of recruits by overgrowth, shading, and abrasion (Sammarco 1980, 1982).  Sea 
urchin grazing of algal turf has been positively correlated to coral recruitment and 
survival (e.g. Birrell et al. 2005, Carpenter & Edmunds 2006).  Sea urchin densities 
(Diadema and Echinometra spp.) were determined as part of the site assessments 
described herein (Figures A.8-A.9).  Sea urchin densities were typically less than 7 
urchins per m
2
 in both the southeastern Arabian Gulf and in the northwestern Gulf of 
Oman.  The exception to this was at Yasat, where densities up to 12 urchins per m
2
 were 
measured.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.8  Sea Urchins around Yasat Island 
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Figure A.9  Sea Urchin Densities (2006-2009) 
Sea urchins densities include Diadema and Echinometra spp.  
 
 
Topographical Complexity 
Rugosity is a measure of topographical complexity, defined as the ratio of the reef 
surface contour distance to linear distance (Figure A.10) (e.g. a completely flat substrate 
would have a rugosity of 1.0).  Changes in rugosity may be used to quantify reef growth 
or decline (e.g. increases in rugosity may be the result of coral colony growth; decreases 
in rugosity may be the result of bioerosion).  Rugosities in the southeastern Arabian Gulf 
and northwestern Gulf of Oman ranged between 1.1 and 1.8 (Figure  A.11).   
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Figure A.10  Rugosity: Ratio between Contour Distance and Linear Distance 
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Figure A.11  Rugosities in the Southeastern Arabian Gulf and Northwestern Gulf of Oman 
 
Coral Community Structure 
Elevated sea surface temperature anomalies impacted the southeastern Arabian Gulf 
region in 1996, 1998 and 2002 during which temperatures were 2-4°C above the typical 
summer maximum (Sheppard & Loughland 2002; Riegl 2003).  The 1996 event caused 
widespread coral bleaching and mortality, with a subsequent reduction of 98.7% of 
framework-building Acropora corals in some areas (Riegl 2002).  The 1998 and 2002 
anomalies had only minor effects on the remaining coral communities, possibly because 
the surviving colonies were not susceptible to the elevated temperatures (Riegl 2002).  
The coral communities in the southeastern Arabian Gulf were monitored between 2006 
and 2009 (i.e. 10-13 years after the mass coral mortality event and 3-7 years after the 
most recent elevated temperature anomaly).  Similar assessments were conducted in the 
adjacent northwestern Gulf of Oman, which did not experience the elevated temperature 
anomalies or the associated coral mortality. 
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Taxa Inventories 
Nine genera of coral were observed during taxa inventories within the southeastern 
Arabian Gulf (Table A.3) between 2006 and 2009.  Taxa were inventoried by genus, 
rather than by species, because many of the smaller colonies lacked the distinguishing 
morphological characteristics that allowed for identification down to the species level.   
 
Table A.3  Taxa Inventories at each Monitoring Station 
Taxa observed within the belt transects at each monitoring station are indicated by “Y” (yes).  
“Other(s)” category includes Pocillopora, Stylophora, Montipora, Goniopora spp.   
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Porites spp. Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
Favia/Favites spp.  Y Y Y  Y Y Y Y Y Y Y Y Y Y Y 
Platygyra spp.  Y Y Y  Y Y Y Y Y Y Y Y Y Y Y 
Cyphastrea spp.  Y Y Y   Y  Y Y  Y  Y   
Leptastrea spp.  Y  Y   Y Y Y Y   Y Y Y Y 
Acropora spp. Y Y    Y    Y Y Y Y Y Y Y 
Siderastrea spp.  Y       Y  Y Y Y Y Y Y 
Coscinaria spp. Y Y          Y  Y  Y 
Turbinaria spp.          Y Y Y     
Other(s)             Y Y Y Y 
 
 
Results indicated the following with respect to taxa inventories at Study Area “A” sites in 
the southeastern Arabian Gulf: 
 Porites spp. were found at all sites.  The most abundant species was P. harrisoni.  
Other species included P. nodifera, P. lutea and P. solida. 
 One site (Hawksbill Reef) was monogeneric, comprised solely of Porites spp. 
 Favia, Favites and Platygyra spp. were common coral taxa found at all sites 
except at Halul East and Hawksbill Reef. 
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 Acropora spp. were found at both Qatar sites (Halul East and Halul South), 
around Delma Island and at the three Abu Dhabi coastal sites (Dhabiya, Saadiyat, 
and Ras Ghanada) (Figure A.12).  Acroporids were not observed in the vicinity of 
any of the other Abu Dhabi sites. 
 
 
 
 
 
 
 
Figure A.12  Examples of Acropora spp. in the southeastern Arabian Gulf 
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 Two species of acroporids were observed; A. clathrata and A. arabensis.  Other 
subordinate Acropora species (e.g. A. tenuis, A. valida, A. horrida, A. florida) 
remain unobserved at the Study Area “A” sites, suggesting local extirpation. 
 Other coral taxa that have been reported offshore Dubai after the elevated 
temperature anomalies (i.e. Acanthastraea, Psammacora, Pseudosiderastrea spp. 
(Burt et al. 2008)) were not observed at the Study Area “A” sites. 
 Other benthic taxa were found among the coral communities including crustose 
coralline algae, macroalgae, oysters and bryozoans (Figure A.13).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
 
 
 (c) (d) 
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13  Examples of Other Benthic Taxa 
(a) Crustose coralline algae; (b) macroalgae, (c) oysters; (d) bryozoans 
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Live Coral Cover 
Photo transects were taken at each site for subsequent image analysis.  Coral Point Count 
(CPCe) (Kohler & Gill 2006) was used to trace the colony perimeters and calculate 
surface areas (Figure A.14).  Average surface areas at the sites ranged from 62 cm
2
 to 500 
cm
2
.  The largest colonies are Porites spp., followed by Platygyra spp.  
 
 
Figure A.14  Average Coral Colony Surface Areas  
 
The surface area data for all images within a given year were combined to provide 
percent live coral cover within the belt transects at each site (Figure A.15).   
 
 
Figure A.15  Percent Live Coral Cover (2006-2009) 
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Results indicated the following with respect to live coral cover at the Study Area “A” 
sites in the southeastern Arabian Gulf: 
 Hawksbill Reef, the only site situated on a limestone dome, had a densely 
populated coral community (62.2% live coral cover) comprised solely of Porites 
harrisoni. (Figure A.16a) 
 The sites along the Abu Dhabi coast (Dhabiya, Saadiyat, Ras Ghanada) (Figure 
A.16b-d) were moderately populated, with live coral cover ranging from 27.5% to 
46.5%.  The sites most closely resembled the live cover at the northwestern Gulf 
of Oman sites (Fig 16), which ranged from 23.0% to 44.9%. 
 The offshore island sites (Halul, Makaseb, Yasat, Delma, Bu Tinah, Al Hiel) 
(Figure A.17) were sparsely populated, with live coral cover ranging from 1.9% 
to 17.1%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.16  Landscape Views of Densely- and Moderately-Populated Sites 
(A) Hawksbill Reef; (B) Dhabiya; (C) Saadiyat; (D) Ras Ghanada 
C 
D 
A 
C 
B 
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Figure A.17  Landscape Views of Sparsely-Populated “Near-Island” Sites  
(A) Halul South; (B) Makaseb; (C) Yasat; (D) Delma; (E) Bu Tinah North; (F) Al Hiel 
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The majority of the coral communities were comprised of several common families; 
poritids, faviids, acroporids, and siderastreids.  Other families were either uncommon or 
unobserved at the sites.  The composition of a particular family may be described as 
abundant (>50% of the coral cover), common (20-50%), uncommon (<20%) or 
unobserved.  Results indicated the following with respect to the composition of live coral 
cover at the Study Area “A” sites in the southeastern Arabian Gulf: 
 Poritids were abundant (>50% of coral cover) at all sites except around Halul.  
Poritids were common at Halul South and Halul East, making up 21% and 31% of 
the coral cover, respectively. 
 Poritids comprised 100% of the coral cover at Hawksbill Reef. 
 Faviids were (i) abundant (53.1% of the coral cover) at Halul South, (ii) common 
(42.0-45.3%) at Al Hiel and Ras Ghanada, and (iii) uncommon (1.4-13.0%) or 
unobserved at the remaining locations. 
 Acroporids were present at six of the thirteen sites: they were (i) abundant (54.9% 
of the coral cover) at Halul East, (ii) common (25.7%) at Halul South, and 
uncommon (<8%) at Delma, Dhabiya, Saadiyat and Ras Ghanada. 
 Siderastreids were uncommon (0.02-3.4% of the coral cover) at five sites (Halul 
East, Halul South, AL Hiel, Saadiyat and Ras Ghanada) and unobserved at the 
remaining locations. 
 Corals in the “Other families” category were uncommon (0.2-1.5% of the coral 
cover) at three sites (Dhabiya, Saadiyat and Ras Ghanada) and unobserved at the 
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remaining locations.  The “other” corals were all from the dendrophyllid family, 
specifically Turbinaria spp.  No other coral families were observed.  
Coral Density 
Digital photos were taken along belt transects at each site for subsequent image analysis.  
The number of corals within the belt transects were combined provide coral density (i.e. 
the number of corals per m
2
) for each site (Figure A.18).   
 
 
Figure A.18  Coral Colony Densities (2006-2009) 
 
Results indicated the following with respect to coral density at the Study Area “A” sites 
in the southeastern Arabian Gulf: 
 The offshore island sites (Halul, Makaseb, Yasat, Delma, Bu Tinah, Al Hiel) were 
sparsely populated, with coral densities for these sites range from 1.2 to 8.0 corals 
per m
2
. 
 Two of sites along the Abu Dhabi coast (Dhabiya, Saadiyat) and Hawksbill Reef 
were moderately populated, with coral densities ranging from 12.5 to 16.9 corals 
per m
2
. 
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 Ras Ghanada, the third site located along the Abu Dhabi coast, was a densely 
populated coral community with a coral density >24 corals per m
2
.   
 
Diversity Indices 
The data collected during the site assessments were used to develop diversity indices 
including diversity, evenness and k-dominance curves. 
 The diversity index (Figure A.19) was based on the Shannon Diversity Index, but 
used coral genera rather than coral species.  Sites with higher coral diversity 
included those near the Qatar island of Halul, the Abu Dhabi island of Al Hiel and 
the Abu Dhabi coastal locations (Dhabiya, Saadiyat, Ras Ghanada).  Sites with 
lower coral diversity included those near the Abu Dhabi islands of Makaseb, 
Yasat, Delma, and Bu Tinah.  Hawksbill Reef was a monogeneric site, comprised 
solely of Porites spp.; thus, coral diversity was not calculated. 
 The evenness index (Figure A.20) was based on the Shannon Equitability.  Sites 
with higher evenness included several of those near islands (Halul, Makaseb, 
Delma, Al Hiel) and the Abu Dhabi coastal locations (Dhabiya, Saadiyat, Ras 
Ghanada).  Sites with lower evenness included those near two island locations 
(Yasat, Bu Tinah).   
 K-dominance curves (Figure A.21) indicated that the lower coral diversity in the 
Arabian Gulf (AG) compared to the Gulf of Oman (GO) was due primarily to (i)  
the minimal contribution of Acropora to the coral population in the AG (<1% of 
the coral population) compared to its dominance in the GO (38%);  (ii) 
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Favia/Favites abundance in the AG was approximately half of that in the GO; (iii) 
Platygyra abundance in the AG was approximately one-third of that in the GO; 
and (iv) the dominance of Porites in the AG (60% of the population) compared to 
its minimal contribution to the coral population in the GO (3%). 
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Figure A.19  Coral Diversity Indices (2006-2009) 
Index is based on Shannon’s Diversity, but uses the number of genera rather than the number of 
species. 
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Figure A.20  Coral Evenness (2006-2009) 
Evenness is based on Shannon’s Equitability, but uses the number of genera rather than the number of 
species.  Evenness is presented on a scale of 0 to 1, where 1 represents complete evenness among the 
genera. 
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Figure A.21  K-dominance curves 
Labels are provided for those genera that contribute >1% of the total live coral cover.  ACR = Acropora; 
FAV = Favia/Favites; PLAT= Platygyra; SID = Siderastrea; POR = Porites 
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Conclusions 
The information presented in this chapter described (i) the typical environmental setting 
to which the Arabian Gulf corals were exposed and (ii) the structure of the recovering 
coral communities a decade after the mass mortality associated with the 1996 elevated 
temperature anomaly.   These descriptions, as summarized below, may serve as baselines 
for normal conditions within the southeastern Arabian Gulf and as benchmarks of 
extreme conditions to which certain coral species are capable of adapting. 
 The normal temperature range within the southeastern Arabian Gulf was 16.5°C 
to 35.0°C.  Temperature anomalies may, therefore, be defined as conditions that 
are 2-3°C below this minimum or above this maximum. 
 The spring warming and autumn cooling rates were uniform across the region, 
ranging between 0.09-0.13°C/day and 0.10-0.15°C/day, respectively.  A 1-4°C 
thermocline formed in the spring and dissipated in early summer.  Autumn and 
winter thermoclines have not been recorded. 
 The mean daily temperature range in the southeastern Arabian Gulf was <2.5°C.  
The same coral species found in the Arabian Gulf withstood normal daily 
temperature fluctuations up to 7.1°C, as measured in the adjacent Gulf of Oman. 
 Sea urchin densities were typically below seven urchins per m2.   
 The coral communities exposed to the above conditions were dominated by 
Porites, followed by Favia/Favites and Platygyra spp.  Each of the six other coral 
genera that were inventoried within the communities comprised <1% to the 
regional population. 
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 Two species of acroporids were observed in the region following the 1996 mass 
mortality event; A. clathrata and A. arabensis.  The live coral cover for these 
species represented <1% of the coral cover in the southeastern Arabian Gulf, 
indicating that recovery to pre-event levels (>40%) had not occurred more than a 
decade later.  The coral community structure has shifted from Acropora to Porites 
dominance.  Other acroporid species that were recorded prior to 1996 were not 
observed and may now be regionally extinct.   
 Live coral cover and coral density varied among sites, with ranges of 1.9%-62.2% 
and 1.1 – 36.5 colonies per m2, respectively.  The locations near the Abu Dhabi 
coast and Hawksbill Reef (on top of a limestone dome) had higher live coral 
covers and densities than those locations near the Abu Dhabi and Qatar islands. 
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